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SPECIFIC HEAT MEASUREMENTS ON STRONGLY CORRELATED ELECTRON 
SYSTEMS 
 
  Studies on strongly correlated electron systems over decades have allowed 
physicists to discover unusual properties such as spin density waves, ferromagnetic and 
antiferromagnetic states with unusual ordering of spins and orbitals, and Mott insulating 
states, to name a few.   
  In this thesis, the focus will be on the specific heat property of these materials 
exhibiting novel electronic ground states in the presence and absence of a field. The 
purpose of these measurements is to characterize the phase transitions into these states 
and the low energy excitations in these states.  From measurements at the phase 
transitions, one can learn about the amount of order involved [i.e. entropy: ΔS = ∫Δc p/T 
dT], while measurements at low temperatures illuminate the excitation spectrum. In order 
to study the thermodynamic properties of the materials at their phase transitions, a high 
sensitive technique, ac-calorimetry was used. The ac-calorimeter, workhorse of our low 
dimensional materials lab, is based on modulating the power that heats the sample and 
measuring the temperature oscillations of the sample around its mean value. The in-house 
ac-calorimetry set up in our lab has the capability to produce a quasi-continuous readout 
of heat capacity as a function of temperature. A variety of single crystals were 
investigated using this technique and a few among them are discussed in my thesis. 
  Since many of the crystals that are studied by our group are magnetically active, it 
becomes useful for us to also study them in the presence of a moderate to high magnetic 
field. This motivated me to design, develop, and build a heat capacity probe that would 
enable us to study the crystals in the presence of non-zero magnetic fields and at low 
temperatures. The probe helped us not only to revisit some of the studied materials and to 
draw firm conclusions on the previous results but also is vital in exploring the untouched 
territory of novel materials at high magnetic fields (~ 14 T).  
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field 
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Chapter 1 
Introduction 
 
  There exists a family of solids, in which the electron-electron interaction plays a 
substantial role so that the independent-electron approximation fails. This family is 
known as the Strongly Correlated Electron System (SCES)1
  In order to study the thermodynamic properties of the materials at their 
phase transitions, a high sensitive technique, ac-calorimetry
. The last two decades have 
witnessed a revival in the study of SCES. The subtle coupling and competition between 
electron, lattice, orbital and spin degrees of freedom are the essence of those systems. 
The interaction between the spin, orbit, lattice and electrons lead to the emergence of 
exciting novel ground states and phase transitions where a new picture of quasiparticles 
needs to be defined. The electronic correlations can cause striking many-body effects like 
electronic localization, magnetism and charge ordering that cannot be described in the 
generally very successful independent particle picture. Strong correlation effects are seen 
in transition metal compounds, mainly oxides, rare earth and actinide-based materials and 
also in organic metals and carbon-based compounds such as carbon nanotubes. The 
interplay of the d orbital electron internal degrees of freedom-spin, charge and orbital 
moment, makes transition metal oxides extremely sensitive to small external 
perturbations such as temperature, pressure or substitution. The drastic effects can range 
from huge changes in resistivity inducing a metal-insulator transition to influencing 
exceptionally high transition temperatures. A few such compounds are discussed in this 
Thesis. The focus will be on the specific heat of strongly correlated electron materials. 
2,3,4 is used. In this technique, 
the sample is illuminated with light chopped at frequency ω. The temperature oscillation 
is then measured. In the experimental condition τ2<<1/ω<<τ1, where τ1 and τ2 are the 
external and internal thermal time constants of the sample, the total heat capacity of the 
sample and its addenda is inversely proportional to the amplitude of the temperature 
oscillation, which is measured with a thermocouple or cernox resistor attached to the 
sample with a small amount of glue (varnish/silver paint). Using this technique, the heat 
capacity of sub-milligram crystals is measured in the presence and absence of magnetic 
fields. A detailed description about this technique is discussed in chapter three. For zero 
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field measurements, an established ac-calorimetry setup in our lab was used. The ac-
calorimetry equipment used for Zero field measurements in our lab operates between 
room temperature and ~ 3K. For field measurements, we designed and built a new header 
that could be used in a Vapo-shield Liquid Helium Dewar that has a 14 T magnet (in Dr. 
Gang Cao’s lab).  Commercial instruments to measure heat capacity of materials, such as 
the Quantum Design Physical Property Measurement System (PPMS)5
  Several materials investigated in this Thesis belong to the broad category 
of strongly correlated electrons and show interesting physical phenomena, such as Mott-
like transitions, spin density waves (SDW), charge ordering, and superconductivity. First, 
I investigated the specific heat property of Ca3Ru2O7 and strontium substituted Ca3Ru2O7 
from the Ruddlesden-Popper ruthenate family in the absence of a field.  In Ca3Ru2O7, 
special emphasis was placed on the characterization of the Neel (TN = 56 K) and 
structural (TC = 48 K) phase transitions. Previous measurements with relaxation-time 
calorimeters could resolve the TN transition in Ca3Ru2O7 but the anomaly was too small 
for quantitative measurements
 can operate at 9 T 
and temperature range 1.9 K – 400 K but require fairly large crystals (e.g. > 1 mg) for 
reliable measurements. The new header that we designed and built to measure the heat 
capacity of sub-milligram crystals can be used at high magnetic fields (~14 T) and the 
temperature range 1.5 K −  350 K. Chapter four briefly discusses the setup in our lab and 
elaborates in detail the setup for field measurements. 
6,7. On the other hand, relaxation-time calorimetry is not 
necessarily a reliable method for measuring latent heats at first order transitions, although 
all or part of the latent heat (L) may appear in a peak in the measured specific heat. In our 
work, we used both relaxation-time calorimetry8 and ac-calorimetry to examine the 
specific heat anomalies at the phase transitions. While ac-calorimetry may also not be a 
reliable method for obtaining latent heats, we have compared the specific heat peaks 
obtained under different experimental conditions and for different samples, concluding 
that most of the latent heat is in fact appearing in this peak. In addition, we have 
quantitatively measured the mean-field like step at TN for the first time; its size is 
intermediate between what would be expected for an antiferromagnetic transition of 
itinerant (e.g. a SDW) and localized spins. We also studied the evolution of these 
anomalies in strontium-substituted Ca3Ru2O7.  
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  Having studied a material from the Ruddlesden-Popper ruthenate family, 
the material I studied next was a member from the oxyborate family. Charge Ordering 
(CO)9 is an important phenomenon in conducting metal oxides. Fe2OBO3, has been 
proposed to exhibit a unique charge-ordering mechanism10
  Sr4Ru3O10, another member of the Ruddlesden-Popper series is a 
ferromagnet with a Curie temperature TC =105 K5,
. A striking feature of the low 
temperature monoclinic Fe2OBO3 structure is an equal distribution of Fe2+ and Fe3+ over 
the two structurally distinct octahedral Fe sites. Two phase transitions have been found in 
Fe2OBO3. It orders ferrimagnetically below TC =155 K and a second transition assigned 
to charge-ordering is found at TCO =317K10. Differential Scanning Calorimetry (DSC) 
results from Oak ridge National Laboratory indicated some feature at higher temperature 
(340 K) than the reported charge ordering. DSC and relaxation time calorimetry are not 
reliable methods to explore specific heats of sub milligram crystals, so we used ac-
calorimetry to examine the specific heat closely near the transition temperatures in the 
absence of a field.  
11. This material is poised between an 
itinerant metamagnetic state and an itinerant ferromagnetic state12,13
  The next material studied using our new header was LaFeAsO, a member 
of the family of lanthanide iron pnictide-oxides. The discovery of superconductivity at 28 
K in fluorine doped LaFeAsO
. A previous 
thermodynamics study of this material showed unusual properties at low temperatures in 
the presence and absence of the field12. We found this material to be an interesting 
candidate to measure the specific heat with our newly built header at low temperature 
(~1.5K) and high magnetic field (~14T). However, although we succeeded in measuring 
the heat capacity of this material near the transition region  with the application of 
magnetic field for B // c axis with our new header, we were not able to measure the heat 
capacity for B // ab plane, including low temperature measurements. 
14 and the subsequent reports of transition temperatures up 
to ~50 K in some of the related rare-earth materials has generated great interest in this 
family of compounds. The undoped material LaFeAsO is not a superconductor but is 
reported to undergo a SDW transition at 150 K 14,15. We studied the specific heat of this 
material in the presence and absence of magnetic field to examine the SDW transition. 
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Later, we extended our specific heat studies in the absence of a field on PrFeAsO16 and 
SrFe1.8Co0.2As217
  This thesis is divided into eight chapters. An introduction to SCES and the 
materials investigated were given in this chapter (Chapter one). In chapter two, I have 
included a theoretical discussion that delineates the basics of specific heat. A brief 
description about the exchange interaction and magnetic ordering in solids is also 
reviewed. Chapter three gives a description of the ac-calorimetry technique. Chapter four 
briefly describes the set-up for zero field measurements and elaborates the in-field setup 
in detail. The observed results of our experiments in the absence and presence of a field 
are discussed in Chapter five through Chapter seven. In these chapters, the physical 
properties of the materials studied, motivation for investigating the sample and the 
discussion of the heat capacity results will be described in detail. Chapter eight 
summarizes some important conclusions drawn from the results. 
 that belong to the same pnictide family.  
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Chapter 2 
Theory 
 
2.1 Introduction 
  In this section I will first discuss about heat capacity and other variables derived 
using the laws of thermodynamics. In the study of heat capacity of solids, phonons and 
electrons play an important role. So, I will discuss their heat capacities and give a brief 
review about first and second order transitions.  
2.1.1 Heat Capacity 
  The heat capacity of a system is defined as the amount of heat that enters a system 
divided by the temperature change of the system given by18
        C ≡ 
  
T
Q
∆
∆                 (2.1) 
where ∆Q is the amount of heat which is added to the system to raise its temperature by 
an amount ∆T.  The heat capacity could be measured either at constant pressure (p) or at 
constant volume (v); 
        Ci = )(
T
Q
∂
∂
i ,  where i =  p, v         (2.2) 
Heat capacity is related to the internal energy of a system and can be derived from the 
first law of thermodynamics. According to the first law of thermodynamics18, 
        dQ = dU + dW              (2.3) 
where dQ is the amount of heat added to a substance, dU is the internal energy of the 
system and dW is the external work done . If the external work consists only of work 
done by the system in increasing its volume V against an external pressure P, then 
        dW =  PdV,               (2.4) 
Taking 2.3 and 2.4, 
        dQ = dU + PdV              (2.5) 
Taking 2.5 and 2.2a 
        Cv = )(
T
U
∂
∂
v               (2.6) 
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Other properties of specific heat follow from second law of thermodynamics18. The 
second law of thermodynamics states that for a process with reversible heat exchange in a 
system that stays in equilibrium with its surroundings throughout the transition, 
       dQ = TdS                  (2.7) 
Heat capacities Cp and Cv, in terms of the entropies, are written as 
       Ci = T )(
T
S
∂
∂
i   where i = p, v           (2.8) 
Using equations 2.3, 2.4 and 2.6, 
       dU = TdS – PdV                (2.9) 
Other useful thermodynamic quantities, depending on which variables are being held 
constant and which variables are changing during an experiment are 
       dF = -SdT – PdV Helmholtz Free Energy       (2.10) 
       dH = TdS + VdP Enthalpy           (2.11) 
       dG = -SdT + VdP Gibbs Free Energy        (2.12) 
From equations 2.10, 2.8 and 2.12, 
       Cv = -T )( 2
2
T
F
∂
∂
v               (2.13) 
       Cp = -T )( 2
2
T
G
∂
∂
p               (2.14)  
Equation 2.13 is a very useful equation, since the Helmholtz free energy is more easily 
calculated than the Gibbs free energy. Most experiments done in the lab are at constant 
pressure as it is very difficult to measure Cv directly. The relation between Cp and Cv is 
given by the following equation18  
       Cp – Cv = )
9
(
2
T
L
K
Vα
T ,             (2.15) 
where  
)(
LdT
dL
L =α p   is the linear expansion coefficient      
V  is the molar volume    
KT = - TVdP
dV )(   the isothermal compressibility      
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It is worth noting that for solids at the pressures and temperatures under which we 
perform our experiments, there is very little difference between Cp and Cv. 
   From here on, I will use Cp and Cv to signify the heat capacities per mole (i.e. C/n) 
2.1.2 Lattice specific heat 
  The Dulong and Petit law predicts that the molar heat capacity of solids is 
approximately a constant, ~3R near room temperature, where R = 8.314 J/mol K is the 
ideal gas constant. This classical law fails to explain the decrease of the lattice specific 
heat with decreasing temperature. In order to explain this discrepancy, Einstein applied 
Bose statistics to phonons (lattice vibrations) to explain why the heat capacity of all 
materials goes to zero as the absolute temperature goes to zero. He proposed that the 
thermal energy of a system of N atoms vibrating with a common frequency νE in 3 
dimensions is given by19
       U = 3N(<n> + 
; 
2
1 ) hνE ,             (2.16) 
where 
       <n> = (exp 1)( −
kT
h Eν ) -1            (2.17) 
where k is the Boltzman constant and h is Planck’s constant. 
Now, 
       CV = (
dT
dU ),                (2.18) 
Hence by taking appropriate derivates of energy 
       Cv = 3R(
T
EΘ )2 
2]1)[exp(
)exp(
−
Θ
Θ
T
T
E
E
 ,          (2.19) 
where  
       EΘ = k
h Eν                  (2.20) 
 is the Einstein temperature.  For T >> EΘ , the molar specific heat reduces to the 3R 
limit. This model works well for the optical (high energy) phonons in a system because 
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these are within narrow frequency bands but fails to quantitatively explain the low 
temperature behavior. 
  Debye improved on Einstein’s theory by treating the solid as an isotropic elastic 
continuum. Only acoustic modes are considered. Debye’s model is not exact since it 
assumes a simple linear dispersion of sound waves, but the theory does accurately capture 
the behavior of the heat capacity of solids at low temperature. In the Debye 
approximation, the angular frequency ω of a harmonic wave is related to the wave vector 
q and the wave velocity υ  through 
       ω = qυ                   (2.21) 
where υ is a constant so, the density of phonon states in 3-dimension is given by 
       D(ω) = 32
2
2
3
υπ
ωV                (2.22) 
Given D(ω), the calculation of the energy and hence Cv is straightforward. The average 
total vibrational thermal energy is  
       U = ωωω ω
ω
d
e
D kT
D
1
)( /
0 −
∫ 
            (2.23) 
The integral is evaluated up to the Debye cutoff frequency ωD,  
       
V
N
D
323 6 υπω =                (2.24) 
where N is the number of atoms in the sample and V is the volume. The appropriate 
derivative of U gives19 
       Cv = 9R(
D
T
Θ
)3 2
4
0 )1( −
∫
Θ
x
xT
e
exxd
D
          (2.25) 
where kTx /ω= , 
ΘD is the Debye characteristic temperature: (ΘD = kD /ω ). At a very low temperature 
the upper limit of the integral can be taken to be infinity. Then 
       Cv = 33
4
)(
5
12 TTR
D
βπ ≡
Θ
           (2.26) 
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2.1.3 Electronic specific heat 
  In an ideal metal, electrons can be viewed as a non-interacting Fermi gas. Therefore 
Fermi-Dirac statistics play an important role in determining the temperature dependence 
of the electronic contribution to the specific heat. As the characteristic temperature for an 
electron Fermi gas is in the thousands of Kelvin for most metals, the free electron states 
are nearly completely filled with two electrons per state (one spin up and one spin down) 
until the electron Fermi energy (the highest energy) is reached. There is some smearing 
of the population around the Fermi energy due to thermal energy.  To a first 
approximation (T<<TF), the electronic heat capacity expressed as19, 
       Cel = TTkN F γε
π
≡2
2
)(
3
            (2.27) 
where N(εF) is the density of states at the Fermi surface for both spins and γ is the 
Sommerfield constant. This linear dependence of temperature of the electron heat 
capacity holds for normal metals at sufficiently low temperatures.  
  At temperatures much below the Debye temperature and the Fermi temperature, the 
heat capacity of metals may be written as the sum of electron and phonon contributions, 
       C = γT + βT3                 (2.28) 
Since, many of the heat capacity experiments we do are at low temperatures, equation 
(2.28) is very useful for us. Experimental results are usually analyzed by fitting the values 
of CP/T vs T2 to a straight line. The intercept gives the γ term from which we acquire 
information about the density of electron states. The slope gives the β term from which 
we can get the Debye temperature ΘD. 
2.1.4 Specific heat at a first order phase transition 
  A first order phase transition is characterized by a latent heat, a finite change in 
volume and hysteresis. At a first order transition, the entropy change ∆S is related to the 
volume change ∆V according to the Clausius-Clapeyron equation18 
       ∆S = 
dT
dPV∆                 (2.29) 
Discontinuity in the entropy implies a latent heat (i.e. Tc∆S). There is a discontinuity in 
the entropy because the different phases have a different energy modes and disorder. 
Theoretically an entropy discontinuity will produce infinity in the specific heat because 
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there is no temperature change as heat enters the system. In practice, we do not observe 
infinity because the heat capacity measured is over a finite temperature interval, the latent 
heat may be small, there is a spread in Tc’s due to inhomogeneities in the sample, and the 
experimental parameters do not allow for an infinite measurement. It is therefore often 
difficult to distinguish between a first order transition and a lambda shaped continuous 
phase transition. In such cases, hysteresis is a useful tool to help distinguish a first and 
continuous phase transition. 
2.1.5 Specific heat at a second order phase transition 
  Any higher order transition that has a singularity or discontinuity in the specific 
heat is termed a continuous transition. A second order phase transition is a continuous 
transition characterized by discontinuity in the specific heat. It involves neither latent 
hear nor hysteresis, unlike a first order phase transition. Superconductivity is the best 
example of a second order phase transition. A formal approach to understand the 
discontinuous step in cp is well described by Ginzburg-Landau (GL) theory20
  The theory postulates the existence of a macroscopic quantum wavefuntion ψ, 
which was equivalent to an order parameter. The Gibbs free energy G is expanded in 
terms of the order parameter (ψ) which vanishes above the critical temperature Tc and is 
non-zero below Tc 20. 
 [4].    
       G =Go (T)+ a (T-Tc) |ψ|2 + b |ψ|4 + *
2
2m
 | 2|ψ∇     (2.30) 
a and b are coefficients independent of temperature and m* is the effective mass. In the 
above expansion ψ is assumed to be small (near the transition). Ψ vanishes above the 
transition and must vary slowly over space because of the gradient term.  
  The spatially uniform solution for the order parameter is found by omitting the 
gradient term and minimizing the free energy G with respect to the order parameter ψ; 
       Ψ = 0 ,        T > Tc        (2.31) 
       Ψ = ( 2/12/1 )()
2
TT
b
a
c −  ,  T < Tc        (2.32) 
Neglecting the higher order terms, the entropy is given by 
       S = So (T)       T>Tc         (2.33) 
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       S = So – ( ))(2
2
cTTb
a
−    T<Tc         (2.34) 
Below the transition temperature, the entropy decreases linearly with temperature and the 
entropy is continuous at the transition point. 
The heat capacity is obtained by taking the derivative, 
       Cp = Cpo (T)     T > Tc         (2.35) 
       Cp = Cpo + ( Tb
a )
2
2
   T < Tc         (2.36) 
Thus the heat capacity is discontinuous at the transition point.  
 Although GL theory gives a fairly good qualitative description for 
superconductors, the parameters a, b, m* are not given within any microscopic 
framework. The BCS theory is such a framework and gives values for these coefficients 
which set the scale for all quantities calculable from the GL free energy. The BCS 
theory21 is based on pairing of the superconducting electrons mediated by phonons. BCS 
is a mean field theory where all interactions on one particle are treated as an average 
field. This theory works well if the coherence length is long and the coherence volume 
contains many particles. A modified form of BCS theory works well for many second 
order transitions in particular; the thermodynamics of the CDW state closely resembles 
that of a superconducting ground state22
One of the results of BCS theory is a prediction of the transition temperature TMF;  
. 
     kTMF = 1.13 )
)(
1exp(
VN F
D ε
ω −          (2.37) 
where ωD is the Debye cut off frequency and V is the coupling potential. The energy gap 
at T=0 is given by 
       Eg = 2 ∆ (0) = 3.52 kTMF            (2.38) 
The zero temperature gap parameter ∆ (0) is related to the heat capacity jump ∆CMF at the 
transition temperature. In the weak coupling limit, the mean-field heat capacity jump 
∆CMF is given by 21 
       ∆CMF = 4.7 N (εF) k2 TMF            (2.39) 
Above equation can also be written in terms of the electronic heat capacity,     
       ∆CMF = 1.43 γ TMF = 1.43 Ce           (2.40) 
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where the Sommerfield constant γ is  
        γ = 2
2
)(
3
kN Fε
π               (2.41) 
A heat capacity step exists because the entropy drops continuously when a material goes 
through a transition into a more ordered state. 
  Quantum and thermal fluctuations are very important and need to be considered 
when evaluating the heat capacity of a material. The role of fluctuations is discussed in 
section 2.1.7. 
2.1.6 Magnetic specific heat 
  Consider a unit volume of magnetic material and assume that it is uniformly 
magnetized by an applied field Ha so that it has a magnetization M. Inside the material 
the field seen by the moments is not the applied field but the internal field H=Ha+Hd, 
where Hd is the demagnetizing field. For simplicity, let us consider an elongated bar. 
Inside an elongated bar Hd = 0, so that H= Ha.  M and H are related to the magnetic 
induction vector B through23
       B = μ0(H+M) = B0+μ0M            (2.42) 
 [101] 
where μ0  = 4π × 10-7 N/A2 is the permeability of free space. The above relation is valid at 
any point in space, both inside the material and outside where the magnetization is zero. 
If the value of the field is increased from H to H+dH, so that it produces an increase dM 
in the value of the magnetization, then the work required to achieve this is given by 
       dW = μ0HdH+μ0HdM             (2.43) 
The first term in the above equation is the work done to increase the value of the field 
over the volume occupied by the sample. This work must be done whether the body is 
present or not and may be included in the internal energy which shall be designated as E´. 
The second term in the above equation is the energy required to increase the 
magnetization of the sample from M to M+dM. If this is indicated by dWM then 
       dWM = μ0HdM               (2.44) 
The first law of thermodynamics now reads 
       dE' = TdS-PdV+μ0HdM            (2.45)  
Now, the heat capacity at constant magnetization, CM and the heat capacity at constant 
field CH is given by23  
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       MMMM dT
dU
dT
dST
dT
dQC )()()( ===          (2.46) 
 
       MHHH dT
dU
dT
dST
dT
dQC )()()( ===          (2.47) 
For the difference CH − CM making use of the correspondence from equation 2.15 
P↔μ0H and V↔ -M  
       HMmMH T
M
T
HTVCC )()(0 ∂
∂
∂
∂
−=− µ         (2.48) 
We measure CH. 
2.2 Theory of Magnetic Interactions and Ordering 
  Since most of the samples investigated by me were part of the strongly correlated 
electron systems (SCES), it is important to understand magnetic interactions that happen 
via different mechanisms. In this section, I will confine myself to only those types of 
magnetic interactions, which are important in the context of my dissertation.  
2.2.1 Exchange Interaction and ordering 
  Exchange interactions are quantum mechanical effects that are electrostatic 
interactions which increase or decrease the expectation value of the energy of two or 
more particles when their wave functions overlap. In order to understand the origin of 
exchange, let us consider a simple case of a two electron system.  As explained in 
reference [22], the Hamiltonian of the pair is given by  
   H =
12
2
21
2
2
2
2
1
2
)()(
22 r
erVrV
m
h
m
h
+++∇−∇−   (2.49) 
where r1 and r2 refer to the spatial coordinates of the two electrons and r12 is the 
separation of the two electrons.  
  For electrons, the overall wavefunction must be antisymmetric so the spin 
part of the wavefunction must either be an antisymmetric singlet state χS (S=0) in the case 
of a symmetric spatial sate or a symmetric triplet state χT (S=1) in the case of an 
antisymmetric spatial state. The wavefunction for the singlet case ψS and triplet case ψT is 
given by  
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   ψS = Sbaba rrrr χ)]()()()([2
1
1221 ΨΨ+ΨΨ   (2.50) 
   ψT = Tbaba rrrr χ)]()()()([2
1
1221 ΨΨ−ΨΨ   (2.51) 
The energies of the two possible states are  
   ES = 21
^
* drdrH SS ΨΨ∫      (2.52) 
   ET = 21
^
* drdrH TT ΨΨ∫      (2.53) 
For a singlet state S1·S2 = -
4
3  , while for a triplet state S1·S2 = 
4
1  
Hence the Hamiltonian can be written in the form of an effective Hamiltonian 
   21
^
)()3(
4
1 SSEEEEH TSTSeff ⋅−−+=   (2.54) 
The exchange constant (or exchange integral) J is defined by 
   J = 
2
Ts EE − = 2112
^
2
*
1
* )()()()( drdrrrHrr baba ΨΨΨΨ∫   (2.55) 
The spin dependent term in the effective Hamiltonian can be written as 
   21
^
2 SJSH
spin
eff ⋅−=      (2.56)  
If J > 0, ES > ET and the triplet state S=1 is favored 
If J < 0, ES < ET and the singlet state S=0 is favored 
In reality, there are many atoms in the solid and usually more than one magnetic electron 
on each atom. For all the cases we are interested in, the Heisenberg Hamiltonian is 
simply the form for the two-spin system, summed over all pairs of ions given by22 
   ji
ji
ijeff SSJH ⋅−= ∑
≠
^
     (2.57)  
A positive J favors parallel spins (ET has lower energy than ES) and thus ferromagnetic 
ordering is preferred, while a negative J favors antiparallel spins (ES has lower energy 
than ET) and thus antiferromagnetic ordering is preferred. 
  In compounds that have magnetic ions as neighbors, the magnetic moments interact 
via an exchange interaction known as direct exchange. As the name indicates, the 
exchange interaction proceeds directly without the need for an intermediary. For 
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compounds, where the magnetic ion sits in an environment of non-magnetic ions, the 
interaction, if at all is possible, happens only through mediating ions. 
  In metals, for instance, the exchange interaction between magnetic ions can be 
mediated by the conduction electrons as shown in Figure 2.1(c). The exchange interaction 
is thus indirect because it does not involve direct coupling between magnetic moments. It 
is also known as the RKKY interaction9 (itinerant exchange). The interaction is long 
range and has an oscillatory dependence on the distance between the magnetic moments. 
  Another important indirect interaction in ionic solids is superexchange9. It can be 
defined as an indirect exchange interaction between non-neighboring magnetic ions 
mediated by a non-magnetic ion which is localized in between the magnetic ions as 
shown in Figure 2.1 (b). In transition metal oxides (TMO), where antiferromagnetism is a 
common occurrence, the origin of the exchange interaction between moments on the 
transition metal ions is described by superexchange. The spin in one transition metal ion 
(Bn+) polarizes neighboring oxygen (O2-) which in turn interacts with the other 
neighboring transition-metal ion as shown in Figure 2.2. Materials like Sr4Ru3O10, 
Ca3Ru2O7 measured in our lab favors this mechanism. This type of interaction is 
normally short ranged. 
 The double exchange mechanism9 is an exchange interaction that occurs because 
the magnetic ion can show mixed valency. For example, Mn ions can exist in oxidation 
states as Mn3+ or Mn4+.  The eg electron on a Mn3+ ion can hop to a neighboring site only 
if there is a vacancy there of the same spin. If the neighbor is a Mn4+ which has no 
electrons in its eg shell, there should be no problem. However, due to Hund’s rule9 
number 1, the exchange interaction between the eg electron and the three electrons in the 
t2g level tends to keep them all aligned. Thus it is not energetically favorable for an eg 
electron to hop to a neighboring ion in which the t2g spins will be antiparallel to the eg 
electron (Fig 2.3 b). Ferromagnetic alignment of neighboring ions is therefore required to 
maintain the high spin arrangement on both the donating and receiving ion. Because the 
ability to hop gives a kinetic energy saving, allowing the hopping process as shown in 
Figure 2.3 (a) reduces the overall energy. Thus the system ferromagnetically aligns to 
save energy. Moreover, the ferromagnetic alignment then allows the eg electrons to hop 
through the crystal and the material becomes metallic. Double exchange is also found in 
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magnetite (Fe3O4) which contains an equal mixture of Fe2+ (3d6) and Fe3+ (3d5) ions. A 
detailed study about iron oxyborate (Fe3BO4) will be discussed in chapter 4. 
 
 
 
(a) 
 
 
 
 
(b) 
 
 
 
 
 
(c) 
 
 
 
 
Figure 2.1 (a) direct exchange - the magnetic ions interact because their charge 
distributions overlap; (b) superexchange - magnetic ions with non-overlapping charge 
distributions interact because both have overlap with the same non-magnetic ion; and (c) 
indirect exchange - in the absence of overlap, a magnetic interaction is mediated by 
interactions with the conduction electrons29. 
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Figure 2.2 A schematic representation of Superexchange in Transition Metal Oxides 
(TMO’s). Bn+ is the transition metal ion and O2- is the Oxygen ion9. 
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         Mn3+ 3d4      Mn4+ 3d3 
 
Figure 2.3: Exchange interaction favors hopping if (a) neighboring ions are 
ferromagnetically aligned and not if (b) neighboring ions are antiferromagnetically 
aligned24
   
. 
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  In transition metals, a complication lies in the itinerant nature of d electrons that are 
not strictly localized on particular ions but lie in states that overlap from atom to atom to 
form a narrow band. In the case of typical ferromagnetic metals such as Fe, the atomic 
spins are ferromagnetically coupled with the exchange integral J>0. If all 3d electrons are 
localized at each atom, the magnetic moment per atom must be an integer multiple of the 
Bohr magneton μB.  However, the observed magnetic moment of Fe is a non integer and 
equal to 2.2μB. This non-integral value is not possible to understand on the basis of 
localized moments of atoms and is a strong evidence of band ferromagnetism. To solve 
this, Stoner25
   
 employed the molecular field approximation to treat the exchange 
interaction between the 3d electrons and assumed the molecular field or exchange 
integral J to be independent of the wave vector of the Bloch wave1 (the wavefuntion of an 
electron in a periodic potential).  The magnetization arises by shifting the spin-up band 
relative to the spin-down band. Electrons must be transferred from the spin-down band to 
the spin-up band so as to have the Fermi level between the two sub-bands coincides. The 
transfer of electrons results in an increase in the kinetic energy. The total change in 
energy associated with the generation of magnetization is given by24 
 
))(1())((
2
1 2
FF EUNEENE −=∆ δ             (2.58) 
where U is a measure of the Coulomb energy and N(EF) is the density of states. 
Spontaneous ferromagnetism is possible if ΔE < 0 which implies that 
      UN(EF) ≥ 1,                 (2.59) 
which is known as the Stoner criterion. When systems meet this criterion, electron 
correlation, i.e. the interaction energy, dominates the kinetic energy and hence leads to 
magnetic ordering in metals. If the Stoner criterion is not satisfied, then spontaneous 
ferromagnetism will not occur, but the susceptibility may be altered.  The magnetic 
susceptibility χ is given by24 
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where χP is the Pauli susceptibility 
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2.2.2 Spin-Density waves (SDW) 
  The Stoner criterion demonstrates that the electron gas is unstable against 
spontaneous ferromagnetism if UN(EF) becomes large enough and that the magnetic 
susceptibility can be enhanced by  a factor (1-UN(EF))-1. It turns out that the q-dependent 
susceptibility given by9 
      )2/(0 FPq kqfχχ =                (2.61) 
is also enhanced by the  Coulomb interactions and becomes 
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where 20/ BU µµα = . It may occur that 
0
qχ  has a maximum at some value of q not equal 
to zero. In this case the interactions, parametrized by α , can make the susceptibility 
diverge at this value of q if 0qαχ  reaches unity. Hence an oscillatory static magnetization 
could spontaneously develop in the sample. If q=0 this would correspond to 
ferromagnetic order, if |q| = π/a then antiferromagnetic order could develop. According 
to Overhauser26, the ground state of a SDW is within the framework of mean field theory, 
if U << EF (which is equivalent to the weak coupling limit for superconductors). Under 
the weak coupling limit, the phase transition at temperature TSDW is defined by27
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This gives 
       )/1exp(14.1 0 eSDWB ETk λ−=            (2.64) 
where )( Fe EUN=λ  is the dimensionless electron-electron coupling constant.  
The relationship of the critical temperature to the T=0 gap is the same as in the BCS 
theory of weak coupling superconductivity given by26  
       SDWBTkT 53.3)0(2 ≈=∆             (2.65) 
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The SDW order makes a finite contribution to the specific heat, where it vanishes in a 
step-like fashion. The prediction of such a step anomaly is a signature of weak coupling 
mean-field calculations. The discontinuity at TSDW is given by26 
    SDWFBSDWVSDWV TEgkTTCTTC )()3(7
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2
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According to a more general description for the SDW in the magnetic field based on  
mean-field theory [104,105], the magnetic field dependence of TSDW is described by28
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where J1 and ψ are Bessel and digamma functions, respectively. ωb = vFeb'B is the 
cyclotron frequency along the b' axis and e is the electron charge, vF is the Fermi 
velocity. In an applied field B, the anomaly should broaden by δT ~ BB k/ω (i.e. 
BB k/ω is the effective moment). The specific heat jump at the critical temperature TSDW 
(B) using the mean-field description is given by Montambaux29
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the Fermi momentum and ta is the transfer integral. 
2.2.3 Mean Field calculation of specific heat of ferromagnets 
  A ferromagnet has a spontaneous magnetization even in the absence of an applied 
field. All the magnetic moments lie along in a single unique direction. This effect is 
generally due to exchange interactions mentioned in section 2.2.1. For a ferromagnet in 
an applied field B, the appropriate Hamiltonian to solve is  
        BSgSSJH
j
jBj
ij
iij .. ∑∑ +−= µ          (2.69) 
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The first term is the Heisenberg exchange energy; the second term is the Zeemen energy.  
The critical temperature above which magnetic ordering vanishes is known as the Curie 
temperature (TC) in ferromagnets. The concept of a molecular field9 in magnetic 
materials was proposed by Weiss in 1906 and predates the recognition of the exchange as 
the mechanism capable of aligning spins.  The molecular field model is a mean-field 
model and predicts that the specific heat rises to a maximum value at Tc and then drops to 
zero discontinuously. Despite some limitations30, the mean field or Weiss model allows a 
first approximation of the magnetic contribution to the total specific heat. In the absence 
of an external field, the specific heat in the Weiss molecular field approximation is given 
by31
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where Vm is the molar Volume, λ is the molecular field constant and M(T) is the 
magnetization as a function of temperature. As T →0, M(T) → M(0), a constant and 
hence CM (0) →0. In contrast, when T approaches Tc, |d[M(T)2]/dT| increases, reaching 
its largest value just below Tc. Since for T > Tc, M = 0, the molecular field model predicts 
that the specific heat rises to a maximum value at Tc and then drops to zero 
discontinuously. This is actually not what is observed since thermodynamic fluctuations 
near Tc  broaden the mean-field step and give a sharper (e.g. lambda-shaped) peak in the 
specific heat . Section 2.1.7 explains the role of fluctuations in the heat capacity. 
   In an applied field H, the mean-field specific heat per mole may be expressed as32
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where  M is the magnetization and )(
)0(
)( xB
M
TM
J=  ; M(0) = NgμBJ  
BJ(x) is the Brillouin function given by 
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where 
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In equation 2.72, H is the applied field, k is the Boltzmann constant and λ is the 
molecular field constant. 
  Let us consider for example J = ½, g =2, then, the specific heat is given by 
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2.1.7 The role of fluctuations 
  In the Ginzburg-Landau theory discussed in section 2.1.5, the fluctuations in the 
order parameter were neglected. The Gaussian approximation is a first order correction to 
mean-field theory, valid outside a critical temperature interval near Tc. This 
approximation is obtained from equation 2.30 by keeping the order parameter term up to 
|Ψ2| and the gradient term. In general, fluctuation contribution to the heat capacity is 
given by33
       
  
α−±= || tCC flfl                (2.78) 
where ±flC  is the amplitude above TC, t is the reduced temperature (t≡T/TC − 1) and,  
       α = 2 – dv                 (2.79) 
where d is the effective dimensionality of the system and  v,  the critical exponent.  
For the Gaussian approximation (v = 1/2), the ratio of the amplitudes above and below TC 
has a universal value related to the number of components of the order parameter, nO, 
through32; 
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  The Gaussian approximation is only good when fluctuations are small. As the 
temperature approaches TC, fluctuations may become large and the Gaussian 
approximation breaks down. One needs to include higher order gradient terms in the free 
energy34
  The critical region where fluctuations are dominant may be estimated by the 
Ginzburg criterion20. The reduced Ginzburg temperature tG is written explicitly as32  
. With closer approach to TC, even this approach breaks down. 
       23
0
2 )(32
1
ξπ MFC
G
G C
k
T
T
t
∆
=≡            (2.81) 
where TG is the temperature region where fluctuations dominate and ξ is the coherence 
length. The fact that 60
−∝ ξGt  , implies that it is very difficult to observe the critical 
fluctuations except in systems with very short coherence length. This is why conventional 
superconductors are well described by mean field theory. 
  In CDW and SDW materials, one frequently observes specific heat anomalies 
much larger than their mean-field estimates at their phase transitions35,36. McMillan 
developed a finite temperature theory37 based on a short coherence length. When the 
coherence length is short, the phonon spectrum will be significantly modified, 
suppressing the transition temperature TC and increasing the heat capacity anomaly. 
While a precise value depends on the phonon spectrum, one roughly expects the phonon 
contribution to the specific heat ΔCPH 38
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where NPH is the number of participating phonon modes, a, b and c are the lattice 
constants and ξa,ξb,ξc are the coherence lengths. 
  For a one-dimensional system, Lee et.al found that fluctuations suppress the 
transition temperature to a temperature of approximately one quarter of the mean field 
transition39; 
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the expected heat capacity anomaly from equation (2.39) is 
       CF
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The above effects will increase the size of the specific heat jump, but keep its mean-field 
like shape. Gaussian and critical fluctuations may cause an additional divergence or cusp 
in the heat capacity at the transition. Therefore fluctuations often need to be considered 
when evaluating the heat capacity of a material. 
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Chapter 3 
AC-Calorimetry Technique  
 
3.1 Introduction 
  The ac-calorimetry technique is based on modulating the power that heats 
the sample and measuring the temperature oscillations of the sample around its mean 
value. This can be done by using a lock-in amplifier tuned to the modulating frequency. 
The advantages of using this technique over the conventional adiabatic method are 1) it is 
suitable for sub-milligram crystals 2) small changes of heat capacity of materials at their 
phase transitions can be studied with  great precision 3) it provides a quasi-continuous 
readout of heat capacity as a function of various external parameters (temperature, 
magnetic field etc). However, the shortcomings of the ac method are that latent heat is 
difficult or impossible to measure40
  Using this technique, I measured the heat capacity of samples in the 
presence and absence of magnetic field. In section 3.2, I will briefly review the method of 
ac-calorimetry technique. In section 3.3, I will discuss the determination of appropriate 
range of chopping frequencies.  
  in the case of hysteresis and the absolute value of 
heat capacity is not easily determined if a modulated light heat source is used.  
3.2 Method and measuring conditions of ac technique 
  Consider a One dimensional heat flow problem as shown in Figure 3.1. 
The sample to be studied is attached with GE 7031 varnish (or silver paint) to a flattened, 
crossed thermocouple junction (or a Cernox thin film sensor) which provides the sample 
rigid support to the sample holder as shown in Figure 3.2. 
  When modulated light is incident on the front face of the sample, the 
temperature of the sample will oscillate (Tac) around a constant increment (Tdc) over the 
temperature of the thermal bath. Within an appropriate range of chopping frequencies, Tac 
is inversely proportional to the heat capacity of the sample. We can prove this 
relationship, by solving the one dimensional heat flow differential equation by applying 
the appropriate boundary conditions. A detailed derivation is discussed in reference41
 
. 
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Fig 3.1. The One dimensional heat flow situation. The sample is surrounded by helium 
gas40.  
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Fig 3.2 A schematic representation of the sample setting with thermocouple40. 
 
  In terms of ω = 2πf, the relationship between Tac and the heat capacity of 
the sample Cs is given by42,43,44,45
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and τ1, τ2 are the external and internal relaxation times, defined below. 
The phase shift of the ac signal with respect to the reference is  
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The offset temperature shift to the bath temperature, ∆Tdc, is given by 
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where Kg is the thermal conductance of the helium gas and/or connecting wires. 
Flattened 
thermocouple 
junction with 
GE 7031 
varnish / silver 
paint 
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 Two important characteristic time constants, τ1 and τ2 in equations (3.3) (3.4) (3.5) are 
defined as the following. 
(1) The external relaxation time constant τ1 is the ratio of the heat capacity of the 
sample to the thermal conductance between the sample and thermal bath, 
    
g
s
K
C
=1τ                  (3.6) 
This time constant characterizes the time for the sample temperature to come to 
equilibrium through the external thermal linkage after a thermal energy is supplied to the 
sample. We need the chopping frequency ω to be much higher than 1/τ1, so that the ac 
component of the sample temperature isn’t dissipated.  
(2) The internal relaxation time constant τ2 is given by 
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Where ls is the thickness of the sample, V is the volume of the sample and Ks is the 
thermal conductivity of the sample (the quantity Cs /VKs is defined as the diffusivity of 
the sample). This time constant characterizes the necessary time for the sample to obtain 
a uniform temperature after application of thermal energy. Therefore, in this case, the 
chopping frequency must be chosen so that ω is much slower than 1/τ2; then the sample 
temperature is uniform in the sample when ac heat is applied. 
  If the chopping frequency ω is chosen such that the internal relaxation 
time of the sample τ2 is short relative to the period τ0 (=2π/ω) and the external relaxation 
time τ1 is much longer than τ0 , i.e. 
    12
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then equations (3.2) and (3.4) become 
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Equation (3.9) implies that the temperature oscillation Tac is inversely proportional to the 
heat capacity of the sample because D(ω) ~1 under condition (3.8) 
  By combining equations (3.5) and (3.9) we obtain 
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In inequality (equation 3.8), the lower frequency bound is determined by the external 
relaxation time constant τ1. Experimentally, we can control τ1 by controlling the amount 
of helium gas in the sample chamber. τ1 should not be too large, as larger τ1 results in 
larger Tdc, i.e. a temperature gradient in the sample which can be a problem especially at 
low temperatures. On the other hand, the upper frequency bound is determined by the 
internal relaxation time constant τ2. The thinner the sample, the higher the bound of the 
measuring frequency. However, the contribution of addenda to the total heat capacity 
increases in a thinner sample. Therefore, all the experimental conditions have to be 
carefully considered and compromised in order to ensure a reliable result. 
  At a first order transition, for which there is a latent heat L, equation (3.2) 
must be modified. When there is a latent heat L at T = T0, the sample temperature does 
not change until an amount of heat equal to L has been provided by the surroundings. The 
change in the time dependence of T for square wave heat pulses is discussed by Garnier 
and Salamon46
    
, in which it is assumed that the latent heat is absorbed or emitted at a 
constant rate; i.e. there is no time constant associated with the latent heat. As shown in 
Figure 3.3, we expect a plateau on the T(t) curve with a duration ∆t given by40  
0
2
P
Lt =∆ ,                 (3.12) 
which corresponds to a decrease ∆T in the peak to peak temperature oscillation, where 
∆T is given by 
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Fig 3.3 Ac temperature oscillation in the presence of a latent heat L (shown by thick 
solid line)40. 
 
Fourier analyzing gives 
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In the case of the Ca3Ru2O7 sample discussed in chapter 5, due to sample defects, L 
appears to be distributed over a finite temperature interval, so that as the temperature 
oscillates, the latent heat sampled is given by40     
 T
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where ∆L depends on ∆Tac by 
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where π/2 is a prefactor from the Fourier series. If we include τ1 and τ2 effects, equation 
(3.14) changes to  
    )]sin(
2
11[
)(
2
~
0
0
dT
dL
P
T
DC
P
T ac
S
ac
∆
−∆
πω
ωπω
      (3.17) 
If the sine term is small, then 
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where 
~
C  is the effective heat capacity. If the chopping frequency is chosen appropriately, 
i.e. D(ω) ~ 1 then the effective specific heat is given by40  
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If the latent heat has an intrinsic time dependence different from that of the other thermal 
degrees of freedom of the crystal, then there is an additional relaxation time40, e.g. 
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In such a case equation (3.19) is modified as 
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Latent heat can only be observed if a) on the time scale that we are changing the 
(average) temperature there is no hysteresis and b) the latent heat can enter/leave the 
sample during the chopping period.  If there is a wide hysteresis in a transition, ac- 
calorimetry would not have seen it, as in this technique, we repeatedly heat and cool the 
sample by a few mK at a few Hz and measure the average oscillating temperature for a 
given power. The latent heat would only appear in the first oscillation and would not be 
measured. If one observes a hysteretic ac anomaly, it must be associated with specific 
heat, not latent heat. In that case, some (even most) of the entropy will be hiding in the 
unobserved latent heat. Hence we cannot observe hysteretic latent heat with ac 
measurements.   
3.3 Determination of Proper Chopping Frequency 
  The ac-calorimetry experiment can be carried out when the inequality 
condition τ2 << 1/ω << τ1 (equation 3.8) is satisfied. Experimentally, the sample 
temperature will be stabilized at several temperatures (especially at low temperature 
where time constants change quickly with temperature). At each temperature Tac 
(proportional to Vac read from a lock-in amplifier) is measured as a function of frequency. 
The proper chopping frequency range at a particular temperature is then determined by 
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finding the frequency range for which Tac is proportional to 1/f. The horizontal part of a f 
* Vac vs. f curve shows the proper chopping frequency range at each temperature.  
  At room temperature, the heat capacity of the sample is relatively large. 
As a result, both τ1 and τ2 are relatively large.  Typically τ1 is several seconds at room 
temperature , so f > 0.1 Hz, while τ2 is typically several tens of millisecond for a 0.02 cm 
thick sample at room temperature, so f < 10 Hz. The heat capacity of the sample normally 
reduces by three or four orders of magnitude from room temperature to liquid helium 
temperature. This results in τ1 a reduction by two or three orders of magnitude, thereby 
pushing the lower frequency bound up to several tens of Hz. As the thermal conductivity 
of the sample normally does not change much with temperature, (except for pure metals 
like copper or silver, for which κ can go up by a factor of 10 from room temperature to 
liquid helium temperature) the huge decrease of sample heat capacity from room 
temperature to liquid helium temperature is not a problem for τ2. 
  The two time constants τ1 and τ2 play important roles in determining the 
appropriate experimental conditions. If we are not able to experimentally control these 
time constants to satisfy the inequality condition described in equation (3.8), then we 
cannot perform ac calorimetry to measure the specific heat capacity of the sample. 
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Chapter 4 
Experimental Setup 
  
4.1 Introduction   
  I used two experimental setups to measure the heat capacity of the samples 
using ac-calorimetry technique. One is for zero magnetic field measurements and the 
other one for measurements in the presence of magnetic field. The ac-calorimetry 
equipment used for zero field measurements in our lab operates between room 
temperature and ~ 3 K. The new header that we designed and built can be used at high 
magnetic fields (~14 T) and temperature range 1.5 K ̶   350 K. 
 Commercial instruments to measure heat capacity of materials such as the 
Quantum Design Physical Property Measurement System (PPMS)5 can operate at 9 T and 
temperature range 1.9 K– 400 K but requires fairly big crystals (e.g. > 1 mg) for reliable 
measurements. Since we wanted to perform measurements on sub-milligram crystals at 
fields > 9 T, we designed and built a header that can be used in a Vapo-shield Liquid 
Helium Dewar that has a 14 T magnet in Dr. Cao’s lab. A non-magnetic stainless steel 
material was used to build the header and machine shop personnel assisted us with the 
construction. Section 4.1.5 discusses in detail the design of the header and section 4.5 
discusses the challenges involved in designing the header. 
 The apparatus used for measurements in the absence and presence of 
magnetic field are reviewed in section 4.1(a),(b). Thermometry and addendum 
corrections are detailed in section 4.2 and 4.3. 
4.2 Apparatus 
4.2(a) In zero magnetic field 
 The apparatus mainly includes an ac-calorimeter probe, a cryostat, light 
system and a lock-in amplifier. The heat capacity measurements were performed in a 
liquid nitrogen/helium glass Dewar, depicted in Figure 4.1. Figure 4.2 shows a schematic 
picture of the ac calorimeter. A detailed description of the cryostat, sample chamber, light 
system are discussed in reference 39,40.  
 Light from a quartz halogen lamp, chopped at frequency f, irradiates the 
front surface of the sample. The chopped light works as an ac heat source. For 
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temperatures above ~12 K, the temperature oscillations were measured using a 
thermocouple mounted on the sample. The ac signal is measured using a SR 830 lock-in 
amplifier following x100 amplification using a low noise PAR 190 transformer, along 
with a reference signal directly from the light chopper. The dc signal is measured using a 
Hewlett Packard (model 34401A) digital voltmeter. Temperature measurements were 
measured using a Lake Shore temperature controller (model DRC-91CA). This also 
provides the current to the heater wrapped around the sample chamber. The 
heating/cooling rates are controlled by the temperature controller. All the data processing 
is performed by means of a computer through GPIB (IEEE-488 bus) with program 
written in QBASIC.  
 For temperatures below ~12 K, a Cernox sensor is used. Section 4.2.6 details 
the low temperature measurements using a Cernox sensor.  
4.2(b) In magnetic field 
4.2.1 The Cryostat 
  The heat capacity measurements in the presence of magnetic field were 
performed in Vapo-shield liquid Helium Dewar47  (manufactured by Precision Cryogenic 
systems) as depicted in Figure 4.3. A NbTi superconducting solenoid magnet48
4.2.2 The Variable Temperature Insert 
 
(manufactured by Oxford instruments) inside the Dewar flask provides a maximum 
magnetic field up to 14 T. A variable temperature insert (VTI) supported from the top 
plate of the liquid helium Dewar provides a low temperature sample environment.  
  The variable temperature insert (VTI) operates over the temperature range 
1.5 K TO 300 K, using dynamic flow of liquid helium through a heat exchanger below 
the sample position49. Figure 4.4 and Figure 4.5 shows the top portion and a full view of 
the VTI respectively. Temperatures between 1.5 K and 4.2 K may be obtained by 
reducing the vapor pressure of liquid helium after it has passed through the Dewar needle 
valve.  Temperatures between 4.2 K and 300 K are achieved by setting the helium flow 
rate, using the VTI needle valve and gas flow pumping system. The sample space in the 
VTI is thermally insulated from the helium bath by an inner vacuum space (IVC). 
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Surrounding the sample space over most of its length is a radiation shield. The sample 
space extends up through the Dewar to the top plate where samples are loaded.  
 
 
 
 
 
 
 
 
Fig 4.1 Schematic of our liquid nitrogen/helium glass Dewar40. 
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Fig 4.2 Schematic of the ac calorimeter: 1) sample 2) thermocouple wires 3) Si diode 
thermometer 4) Cu ring 5) ac thermocouple leads 6) dc thermocouple leads 7) lens40.  
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4.2.3 Liquid Helium Meter 
  The instrument monitors the liquid helium level in a cryostat by means of a vertical 
superconductive wire dipping into the liquid. With a suitable current flowing, the portion 
of the wire above the liquid remains in the resistive (non-superconducting) state, whilst 
the wire immersed in the liquid is in the superconducting state. Under these conditions a 
measurement of the voltage developed across the wire will indicate what fraction of the 
wire is above the liquid surface. To reduce the power dissipated in the cryostat, the 
current is not passed through the wire continuously, instead the current is switched on for 
about a second and a reading stored within the instrument. This is then displayed on the 
meter until the next current pulse48.   
4.2.4 The Superconducting magnet 
  Niobium−Titanium superconducting wire is used for the magnet coils. The 
magnet is equipped with two superconducting switches. The superconducting switches 
consist of a length of superconducting wire noninductively wound with a wire electrical 
heater. The superconducting switch has the length of superconductor wire in parallel with 
the magnet sections to be energized. The superconducting wire is made resistive by 
raising its temperature using the heater. The switch is then in its open state and current 
due to a voltage across the magnet terminals will flow in the superconducting magnet 
windings in preference to the resistive switch element. The switch is in its closed state 
when the heater is turned off and the switch element becomes superconducting again47,50
 The process of establishing persistent mode operation of the magnet consists 
of energizing the magnet to give the required field with both switches in the open state. 
The switches can then be closed and the current flowing through the leads reduced to 
zero, leaving the magnet in its previously energized state.  The current flowing in the 
magnet windings remain constant as the magnet lead current is reduced 47,49. 
. 
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Fig 4.3 Schematic of a Vapo-shield liquid Helium Dewar48. 
40 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.4 Schematic of the top portion of the Variable temperature insert (VTI)48.  
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Figure 4.5 Schematic of the Variable Temperature insert (VTI) that includes the 
sample space, inner vacuum space (IVC, inside the sample space) and radiation 
shield48.  
Sample 
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shields 
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4.2.5 Sample Chamber 
  In order to fit the sample inside the uniform part of magnetic field, a non- 
magnetic stainless steel tube (header) of total length 66⅞″ is used. The first piece, 62″ 
long and 1/2″ in diameter, is connected to the second piece made of copper, which is 2 
¾" long and 3/4" in diameter as shown in Figure 4.6. Manganin wire of resistance 62 Ω 
wound around the copper piece serves as the heater. The copper piece is connected to the 
third piece of length 1⅜" and 3/8" in diameter.  The Cernox thermometer used to measure 
the temperature of the bath and the connectors to which the wirings are soldered must be 
squeezed into the small area (⅝" diameter). The sample, held by  2 pairs of thermocouple 
wires/Cernox leads is screwed to the third piece as shown in Figure 4.6. A 3/8" diameter 
non magnetic stainless tube of length 64¾" running down the middle of the header is 
used for the light to pass through. The sample is shielded by a copper can 1⅜″ high to 
reduce temperature gradients. Four radiation shields attached to the stainless steel tube   
using epoxy decrease the energy radiated from the room temperature. Once the sample 
holder is screwed to the header, it is placed inside a 1″ diameter, 68” long vacuum jacket 
and inserted into the sample space of the Dewar. The length of the tube resulted in a 
factor of 2.5 reduction of light transmission and signal using a 3ft optical fiber compared 
to the old header in our lab. It is important to align the sample holder at the exact center 
for the light to fall on the sample uniformly. 
4.2.6 Sample setting 
  The sample is held by two pairs of thermocouple wires and is used as ac 
and dc temperature monitor for temperatures above 20K. For low temperature, a Cernox 
sensor is used for its low magnetoresistive temperature errors. Figure 3.2 in chapter 3 
shows the sample when held by thermocouple wires. The sample holder is an annular-
shaped copper ring (5/8″ od). Four sapphire plates with indium spots soldered to them for 
electrical connections were attached to the copper ring with varnish, providing heat sinks 
and serving as reference junctions for the thermocouple.  
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Figure 4.6 A schematic of the header designed for in-field setup. 
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  One thermocouple is connected to a digital voltmeter (model 34401A, 
manufactured by Hewlett Packard) which is used to detect the electric potential 
differences Vdc between the sample and the thermal bath. The other thermocouple is 
connected to a low noise (x100) transformer which is used to amplify and impedance 
match the small temperature oscillations (Vac) of the sample. A lock-in amplifier (model 
SR 830, manufactured by Standford Research Systems) is used to capture the chopping 
frequency data and the ac signal data magnified by the transformer. All the data 
processing is performed by means of a computer through GPIB (IEEE-488 BUS). The 
light system used for measurements in the in-field setup is the same as used for zero field 
measurements in our lab. 
 In order to obtain low temperature measurements (< 20 K), a Cernox 1050 
BC type thin film resistance sensor is used to measure the average and oscillating sample 
temperatures. The sample is attached to the sensor using a small amount of GE 7031 
varnish (or silver paint) as shown in Figure 4.7. The heat capacity measurement is 
performed by applying a constant current across the current leads  and measuring the 
amplitude of temperature oscillations (ac voltage) from one of the voltage leads and 
determining the sample temperature (dc voltage) from the other voltage leads.  
   
 
 
Fig 4.7 Sample setting with Cernox sensor (sample is above the Cernox sensor). 
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4.2.7 Temperature Controller 
  The bath temperature was measured with a Conductus temperature 
controller (model LTC 21, by Neocera). This also provides the current to the heater 
wrapped around the sample chamber. The heating/cooling rates are controlled by an 
external voltage controller. The calibration file uploaded in the temperature controller 
corrects for the resistance errors of the temperature controller as Rcorrect = R' * f where f  
=1.0128 and R' is the measured Cernox resistance. The factor f was obtained by 
stabilizing at different temperature and recording the voltage (V) and resistance (R) 
displayed by the temperature controller. 
4.2.8 Basic Operation  
  Before transferring liquid helium, the Dewar and the magnet is cooled 
with liquid nitrogen. Once the Dewar is cold, liquid nitrogen is removed by blowing 
nitrogen gas for 3-4 hours and then blowing with helium gas for about 30-40 minutes. 
This is done to ensure that there is no liquid nitrogen inside the Dewar; otherwise 
formation of frozen nitrogen can waste liquid helium and possibly, damage the system. 
Liquid helium is then transferred into the Dewar.  A temperature below 77 K is achieved 
by opening the needle valve and controlling the pumping system. Once the liquid helium 
meter shows 40 percent helium level, the magnet can be switched on. Higher fields (~11 
T) can be applied at 60 percent helium level.  
  The pressure in the sample space is usually maintained at 500 mtorr of 
helium gas, which gives useful values of τ1. 
4.2.9 Test Run 
  A test run was performed in the header by loading Ca3Ru2O7 sample, for 
which the specific heat in the temperature range 13 K─280 K was already known using 
the   ac-calorimetry set up in our lab. A few data runs taken by warming the sample in 
zero field in the in-field setup showed that the specific heat was consistent with previous 
measurements. 
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4.3 Thermometry 
4.3.1  Temperature sensors for thermal bath  
  The main characteristics in selecting a thermometer are accuracy, reproducibility 
on thermal cycling, long-term calibration, drift, magnetic-field dependence, sensor size 
and cost. Based on these characteristics, out of the vast array of thermometer sensors 
available, we chose temperature sensors appropriate for the measurements in our lab 
which are discussed below. 
4.3.1 (a) In zero magnetic field 
  For the temperature measurement of the thermal bath, a Si diode (DT-470, Lake 
Shore Inc) is used which we calibrated against a standard thermometer by Lake Shore Inc 
diode. The temperature measurements were made using a four-wire configuration to 
avoid errors associated with the lead resistance. The sensitivity of the DT-470 is 2.4 
mV/K at 305K, 1.9 mV/K at 77K and 33 mV/K at 4.2K 51
 4.3.1 (b) In magnetic field 
.  
  In the presence of magnetic field, a Cernox (CX-1050-LR-1.4D, Lake Shore 
Inc) resistance temperature sensor is used. The Cernox sensor has a relatively small 
magnetoresistance and high sensitivity at Liquid helium temperature. The 
magnetoresistance is negligibly small above 30 K and not significantly affected by 
orientation relative to the magnetic field. The typical magnetic field dependent 
temperature errors are shown in Table 4.150.  
 Table 4.1  ∆T/T(%) for Cernox 1050 temperature sensor at B(Tesla) 
 
 
 
 
 
 
 
 
T(K) 2.5 T 8 T 14 T 19 T 
2 
4.2 
10 
20 
30 
77 
300 
 
1.3 
0.1 
0.04 
0.04 
0.01 
0.002 
0.003 
3.1 
-0.15 
-0.4 
0.02 
0.04 
0.022 
0.004 
3.9 
-0.85 
-1.1 
-0.16 
0.06 
0.062 
0.004 
5 
-0.8 
-1.5 
-0.2 
0.11 
0.11 
0.006 
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The Cernox sensor was calibrated by Lake Shore Inc from 119K to liquid helium 
temperature in zero field. Since we wanted calibration data from room temperature to 86 
K, we calibrated the Cernox sensor against the Si diode (DT-470, Lake Shore Inc) in our 
lab. There is a 3/4 °K error associated with our sensor calibration data with respect to the 
standard calibration from Lake Shore. The calibration curve of the Cernox LR type 
sensor is shown in Figure 4.8 and Figure 4.9 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 The calibration curve of the Cernox (CX-1050-LR-1.4D) thermometer used as 
a temperature sensor for the thermal bath in the newly built header. 
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Figure 4.9 A logT − logR plot of the cernox (CX-1050-LR-1.4D) thermometer used as a 
temperature sensor for the thermal bath in the newly built header. 
4.3.2 Temperature sensors for dc offset and ac temperature 
4.3.2 (a) In zero magnetic field 
   Thermocouples are excellent choices to measure the small temperature differences 
between the sample and thermal bath, because of their small size (less addendum 
contribution), fast response time and satisfactory accuracy. The type E thermocouple 
(chromel-constantan) is ideally suited for measurements above 10 K because of its high 
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sensitivity at high temperature. At low temperatures, thermocouples are used less 
commonly than the other thermometers because their temperature sensitivity is poor 
below 10 K. Since the temperature region of interest for most of the samples measured 
were above 10 K, I used type E thermocouples. The sensitivity of the type E 
thermocouple is 8.5 μV/K at 20 K 52
4.3.2 (b) In magnetic field 
.  
   In addition to their poor sensitivities, thermocouples are generally difficult to 
use as low temperature thermometers in the presence of magnetic field. The failure of 
low sensitivity thermocouples as thermometers in magnetic field at low temperature 
required us to use a temperature sensor which has smaller field- induced errors. The 
Cernox thin film resistance temperature sensors (CX 1050 BC) manufactured by Lake 
Shore Inc., are excellent for use in magnetic fields and are extremely sensitive at low 
temperature. They have the advantages of very low magnetic field-induced errors, 
excellent stability and fast characteristic thermal response times (1.5ms at 4.2 K)50 which 
is crucial for ac response monitors. Another advantage of this Cernox sensor over 
thermocouples is that one can actually control the sensitivity (dV/dT) by controlling the 
excitation current, where the sensitivity of thermocouples is fixed at a particular 
temperature.  
  I used type E thermocouple for measuring the phase transition in LaFeAsO and 
Sr4Ru3O10 samples in the presence of magnetic field, since the region of interest was 
above 100K for these samples and the thermocouple has a very low magnetic field 
dependent temperature error at high temperatures. The typical magnetic field dependent 
temperature errors are shown in Table 4.2 50.  
Table 4.2  ∆T/T(%) for Type E thermocouples at B(Tesla) 
 
 
 
 
 
T(K) 2.5 T 8 T 14 T 
10 
20 
455 
1 
<1 
<1 
3 
2 
<1 
7 
4 
2 
50 
 
4.3.3 Calibration of Cernox sensor 
  The CX 1050 BC type thin film resistance temperature sensor was calibrated 
against a Si diode in zero field in the temperature range in which it is used (below 20 K). 
A “semi-four probe” configuration was used to calibrate the sensor as shown in Figure 
4.10.  
 
 
 
      
 
 
 
 
Figure 4.10 Two chromel / constantan wires (thick black lines) attached to Cernox sensor 
(S) by silver paint (grey areas) 
 
  Two chromel / constantan wires were attached to two ends of the thin film Cernox 
resistor by small amounts of silver paint. A constant dc current was applied across one 
side of two leads while the voltage was measured across the other side of the leads. 
During calibration, the measuring power was kept small enough to eliminate self-heating. 
Also a considerable amount (more than 1 torr) of exchange gas was put inside the 
cryostat to ensure good thermal contact between the Cernox sensor and Si diode.  
4.4 Addendum correction 
  In an ac-calorimetry measurement, the total heat capacity includes that of the 
thermocouple wires or Cernox thermometer and connecting wires and GE 7031 varnish / 
silver paint. For a sub-milligram crystal, the addendum heat capacity may not be 
negligible, it is therefore necessary to correct for it. However, it is difficult to determine 
addenda contribution accurately, due to mass uncertainties.  We therefore tried to keep 
the addenda heat capacity less than 10 percent of the total. 
  The method which we use to correct for addenda is as follows. In this section, I 
term C as the total heat capacity.  CA is the total capacity of the addenda involved in the 
S I V 
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experiment which is the sum of the individual heat capacity of the thermocouple 
wires/cernox sensor and glue (GE 7031 varnish or silver paint). CS is the heat capacity of 
the sample. CT is the total heat capacity, which is inversely proportional to the Tac that we 
measure. CT is given by 
       CT = CS + CA                 (4.1) 
We pick a temperature T0 where we want to normalize our ac data; then the 
proportionality constant b can be defined by 
       b = Tac(T0).CT(T0) = Tac(T0). [MS. cs(T0)+CA(T0)]     (4.2) 
where MS is the mass of the sample, cs(T0) is the specific heat (i.e. heat capacity per 
kilogram) of the sample given by published data or PPMS measurements at temperature 
T0. The specific heat of the sample at other temperatures is then found from 
       cs(T) = CS(T)/MS = [CT(T) – CA(T)] / MS   
                  = [b/Tac(T) – CA(T)] / MS.           (4.3) 
The specific heats of type E thermocouple, Cernox thin film temperature sensor and GE 
7031 varnish/silver paint are available from previous measurements40,53
 4.5 Sources of heating, pick-up and noise 
 measured using 
ac-calorimetry to the lowest possible temperatures, and we measured and estimated the 
addenda masses as well as we could. 
  Radiative heating is a significant problem in most cryogenic measurements because 
of the large temperature gradients that exist in cryostats. It is minimized in our setup by 
using few radiation shields and shielding the sample with a copper holder.  Self-heating 
from the sensor measuring current can cause significant errors in temperature readings. 
The effects are usually greatest at liquid-helium temperature and below, where thermal-
contact boundary resistances are high. Self-heating is corrected by using a low sensor 
current. A few other sources of heat important in low temperature are vibrational heating 
and the joule heating in the wire leads and thermometer. Vibrational sources of heating 
can be produced due to people walking around, mechanical pumps working near the 
experiment, etc. We did not see any substantial heating of the sample due to these 
vibrations. Joule heating in connecting leads and in thermometers, give rise to a heat 
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input Q = I2R. In our experiment using the newly built header, there was 0.25° K offset in 
temperature due to Joule heating. Eddy current heating is another unwanted heat source 
which presents a serious problem in calorimetry where nanowatts are significant. Eddy 
currents did not produce any significant effect in our measurements. 
  Pick-up and noise were especially important to us because we were looking for 
nanovolt signals. Pick-up and noise came in many forms. There was pick-up of the ac 
signal from the pumping system and the power supply of the magnet. To solve these 
problems, we did not run at or near 60 Hz or 120 Hz and we shielded every wire. This 
included the use of coaxial cabling with the outer shield attached to the ground. We 
grounded the header so that all metal components near the sample holder were grounded. 
All of the leads running down into the header were twisted together to minimize any 
pick-up. The pump was switched off when measurements were taken. 
4.6 Challenges involved in the design and operation of the probe for the in-field 
setup  
  There were a number of factors we had to take into consideration when we built 
this header for the infield setup. The sample space in the Dewar is only 1" in diameter, 
therefore we had to design a header with a 1/2" diameter that could effectively fit the 
thermometer and connectors.  This posed a major challenge. With only a small space left, 
the thermometer and connectors had to be squeezed in a small area (3/8″ diameter).  
  For the electrical connections, there were 10 copper wires each of length 68″ that 
ran down the header from room temperature. They were thermally anchored to the copper 
piece with varnish. Extreme care had to be taken to secure them well within the header 
and connect them to the connectors. Since the wires are fragile, breaking a wire would 
require us to disassemble the entire setup and rebuild the connections from the start.  
  Another major concern we had was in using the light-chopper assembly. The light 
for the periodic heating of the sample is provided by a quartz-halogen lamp (the same 
setup used in our lab for zero field measurements). A home-made chopper using a turn-
table placed between the lamp and the optical fiber cable is used for data acquisition. We 
were concerned if the chopper would be affected by the magnetic field, so we decided to 
use a longer optical cable (9 ft) and keep the light-chopper assembly at a distance 
unaffected by the magnetic field. But we found that the 9ft optical fiber cable resulted in 
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a factor of 4.5 reduction of light transmission. The experiment could not be performed 
with so little light hitting the sample as the ac signal would be too noisy. Having decided 
to continue using the 3 ft optical fiber, we switched on the magnet by placing the light-
chopper assembly at a reasonable distance. Magnetic fields as high as 13 T did not affect 
the chopper frequency, stability or performance. Hence we fixed the position of the light-
chopper assembly and used the 3 ft optical fiber for light transmission. 
  From a monetary view, it requires 100 Liters liquid helium to cool the magnet and 
100 Liters to perform measurement at high magnetic field (~ 14 T) and the cost of liquid 
helium is high.  Though it is a challenge to work with a small area and the cost of liquid 
helium is expensive, the header is a useful tool to measure heat capacity at low 
temperatures and high magnetic field.  
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Chapter 5 
Specific heat Measurements in Zero Magnetic Field 
 
5.1 Introduction   
  In this chapter, the results of the specific heat measurements on various materials at 
their phase transitions will be presented. The materials discussed in this chapter are 
Ca3Ru2O7, Sr substituted Ca3Ru2O7 and Fe2OBO3. 
  This chapter is partitioned into two sections. In section 5.1, I will discuss the 
specific heat of (Ca1-xSrx)3Ru2O7 single crystals by briefly reviewing the physical 
properties of Ca3Ru2O7 (section 5.1.1), motivation for doing heat capacity measurements 
on (Ca1-xSrx)3Ru2O7  crystals (section 5.1.2) and sample preparation (5.1.3). Magnetic 
and transport property measurements are presented in section 5.1.4. Results will be 
discussed in section 5.1.6.  The Ca3Ru2O7 and Sr substituted Ca3Ru2O7 samples were 
provided by Dr. G. Cao from University of Kentucky and magnetic and transport 
property measurements were performed in his lab. 
 In section 5.2, I will discuss the specific heat of Fe2OBO3 crystals. The physical 
properties of Fe2OBO3 (section 5.2.1), motivation for doing the measurements (5.2.2), 
sample preparation and data (5.2.3) will briefly be presented. Section 5.2.4 discusses the 
results from heat capacity measurements. Fe2OBO3 samples were provided by Dr. Angst 
Manuel from Oak Ridge Laboratory. Differential Scanning Calorimetry (DSC) and 
resistivity measurements were performed in his lab.  
5.2 Specific heat of (Ca1-xSrx)3Ru2O7 single crystals 
5.2.1 The physical properties of Ca3Ru2O7 
 The Ruddelson-Popper ruthenates (Ca1-xSrx)n+1RunO3n+1 (n = number of Ru-O 
layers per unit cell) [21] are a class of correlated electron materials showing a rich variety 
of properties. The physical properties of the ruthenates are critically linked to ‘n’ and to 
the cation (Ca or Sr) which lead to different ground states and inter and intra layer 
magnetic couplings. The Ru ions are surrounded by O ions forming a distorted octahedra 
so that the two Ru ions interact only through O ions. 
55 
 
  Ca3Ru2O7 is a double layered compound (n=2) of the multilayer RP series and 
has two layers of Ru-O octahedral per unit cell. It crystallizes in an orthorhombic 
structure with lattice parameters of a = 5.3720 Å, b = 5.5305 Å, c = 19.572Å with space 
group A21ma54. A schematic of the crystal structure is shown in Figure 5.1 (a), where the 
RuO6 layers are indicated as red octahedra. TEM image in Figure 5.1 (b) shows the 
double layered nature of the compound. The dark grey spots in the image represent the 
Ru-O layers and the lighter ones the Ca-O.  The crystal structure is severely distorted by 
a tilt of the RuO6 octahedra as seen in Figure 5.1 (a). The tilt projects primarily onto the 
ac plane (153.22°), while it only slightly affects the bc plane (172.0°)55
  The spin structure of the double layered compound (n=2) is especially unusual. In 
the pure strontium (i.e. x =1) salt, there is no resulting long range spin order at ambient 
pressure but longitudinal strain can induce a ferromagnetic state
. Ca3Ru2O7 is an 
intermediate between the bad metal CaRuO3 (n = ∞) and the Mott insulator Ca2RuO4 (n = 
1). Because of the borderline nature of properties bi-layered calcium ruthenate will be a 
useful window to probe the physics of materials near metal insulator transition. 
56,57. In the pure calcium 
salt (x = 0), the spins order ferromagnetically within the bilayers but the inter layer (c 
axis) interactions are predominantly antiferromagnetic leading to a Neel transition at TN = 
56K with spin polarization along the b axis58,59,60,61. With further cooling, the spin 
polarization rotates within the plane towards the a axis6,58. There is a second, more 
unusual, phase transition at TC = 48 K6,58; here all components of the susceptibility drop 
abruptly upon cooling through TC, which has been suggested to be due to the formation 
of a charge-density wave62 while the lattice contracts along c axis by ~ 0.1%60,63
5.2.2 Motivation 
. 
  Previous measurements with relaxation time calorimeters could resolve the TN 
transition in the pure material but the anomaly was too small for quantitative 
measurements6,7. On the other hand, relaxation time calorimetry is not necessarily a 
reliable method for measuring latent heats at first order transitions, although all or part of 
the latent heat may appear in a peak in the measured specific heat. In this work we use 
both relaxation time calorimetry8 and ac calorimetry3,39,64 to examine the specific heat 
anomalies at the phase transitions. While ac-calorimetry may also not be a reliable 
method for obtaining latent heats2,45 (discussed in chapter 3), we have compared the 
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specific heat peaks obtained under different experimental conditions and for different 
samples, concluding that most of the latent heat is in fact appearing in this peak, in 
agreement with the conclusion of Reference [6]. In addition we have quantitatively 
measured the mean field like step at TN for the first time, its size is intermediate between 
what would be expected for an antiferromagnetic transition of itinerant (e.g. a spin 
density wave) and localized spins. Also the evolution of these anomalies with strontium 
substitution is discussed. 
 
 
 
 
Figure 5.1 (a) Crystal structure of Ca3Ru2O7, projected along the c axis (top figure) and 
the ab plane (bottom figure) (b) The TEM image depicts the double layered nature of the 
compound (c) Electron diffraction image reveals the anisotropic nature within the basal 
plane of Ca3Ru2O7 54. 
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5.2.3 Sample preparation 
 Single crystals of (Ca1-xSrx)3Ru2O7 were grown using flux techniques by G Cao 
et al 65. All single crystals were grown in Pt crucibles from off-stoichiometric quantities 
of RuO2, CaCO3 (SrCO3) and CaCl2 (SrCl2) mixtures, with CaCl2 (SrCl2) being self flux. 
The mixtures were first heated to 1480 °C in a Pt crucible covered by a Pt cover, soaked 
for 25h, slowly cooled at 2-3 °C h-1 to 1380 °C and finally cooled to room temperature at 
100 °C h-1. The starting Ca:Ru ratio and the thermal treatments are critical and delicately 
balanced for the formation of perovskite crystals, as the nucleation of its sister 
compounds (Ca, Sr) RuO3 and (Ca, Sr)2RuO4 is also energetically favorable. By carefully 
changing the ratio and thermal treatments we have successfully grown crystals of 
Can+1RunO3n+1 and Srn+1RunO 3n+1 with n =1, 2, 3 and ∞ 63,58,66
5.2.4 Magnetization Data 
. All crystals studied were 
characterized by single crystal or powder x-ray diffraction, EDS and TEM indicating 
good crystal quality with no impurities or intergrowths or significant clustering of the 
strontium ions. All crystals grown by flux method such as that mentioned here become 
nonmetallic below TC58, but for those grown in a floating zone furnace only the c axis 
resistivity becomes activated, so the transition appears to correspond to a change from 
three-dimensional to two dimensional transport7,62. It is not yet clear which type of 
growth yields more defect-free (e.g. oxygen-stoichiometric) crystals.  
  Magnetic and transport properties were measured using a Quantum Design MPMS 
XL 7T magnetometer. The results of ab-plane magnetization measurements measured 
with a small field (B = 0.5 T) is shown in Figure 5.2. For the pure x = 0 sample, the TN 
=56 K transition appears as a peak in Mb and cusp in Ma, while Ma falls at the Tc = 48 K 
transition, as previously observed58. 
  “Light” (x =0.15) strontium substitution increases TN and decreases TC, decreases 
the size of the magnetic anomalies (with Mb developing a minimum between the two 
transitions) and makes the overall magnetic susceptibility more isotropic. A transition to 
a nonmetallic state is also observed in the resistance (not shown) between 40 K and 50 K. 
For the x = 0.58 sample, the susceptibility is almost isotropic in the ab plane (suggesting 
that the RuO6 octahedra are almost “untilted”, as in the pure strontium compound) with 
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peaks in M at TN ~ 50 K, followed by weak minima (T ~ 40 K) and relatively high 
susceptibilities at lower temperatures. Only small anomalies are observed in the 
resistance at these temperatures, and the shape of the magnetic anomalies suggests that 
the spin ordering is complex but incomplete. A more complete discussion of the 
substitution dependence of the resistance and magnetization, including their field 
dependences is not discussed here.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Temperature dependence of the magnetic moments (per formula unit) for the 
pure and strontium-substituted samples near the phase transitions with fields (0.5 T) 
applied along the a- axis and b-axis66. 
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5.2.5 Specific Heat measurements 
  Using ac-calorimetry we measured the specific heat of flux grown pure and Sr-
substituted single crystals. For the Ca3Ru2O7 crystals, the measurements were made on 
crystals of masses 0.36mg and 0.40mg. For the Sr- substituted samples, the masses were 
0.43mg (x = 0.15) and 0.54 mg (x = 0.58). The samples were attached with silver paint to 
a flattened, 25 µm diameter type- E thermocouple junction. The chopping frequency used 
was ω/2π ~ 6 Hz (with resulting ∆T(ω) ~ 3 mK). The fVAC vs. f graph at 295 K and 50 K 
for 0.36mg sample is shown in Figure 5.3 (a) (b). Measurements were taken at several 
frequencies near the phase transitions where the temperature drift rate, |dT / dt | was kept 
under 0.1 K/min.  
  AC-calorimetry measurements only yield relative data as discussed in chapter 3. 
The results for the pure (x = 0) samples were normalized at T=130K and corrected for 
addenda contributions (~10% at low temperatures) to the data taken on a pure 0.78mg 
sample with a Quantum Design PPMS relaxation time calorimeter8 as shown in Figure 
5.5. We were not able to obtain quantitative results on this sample with ac-calorimetry 
because it had a relatively long internal time constant, presumably because of an 
interlayer crack. The fVAC vs. f graph at 295 K and 100 K is shown in Figure 5.4 (a) (b). 
On the other hand, PPMS results on the smaller ac samples were also not quantitative. 
The 0.76mg sample heat capacity was only ~10% of the PPMS platform heat capacity for 
temperatures >20 K so our normalizing data should be considered only approximate. 
However, our PPMS results are within 10% of the results of Yoshida, et al.7, except at the 
lowest temperatures.  
  A fit of our low temperature PPMS results (Fig 5.5 (b)) to Cp = γ T + β T3 for 10 K 
< T < 40 K gives values of γ /R ~ 1.3 × 10-3 K-1 and β / R ~ 4.8 × 10-5 K-3  (corresponding 
to a Debye temperature of Θ =388 K), intermediate between the values of Yoshida, et al.7 
and Mc Call, et al.6  
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Figure 5.3   fVAC vs. f curve for 0.36 mg Ca3Ru2O7 sample at (a) T = 295 K (b) T = 50 K 
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Figure 5.4  fVAC vs. f curve for 0.78 mg Ca3Ru2O7 sample at (a) T = 295 K (b) T = 100 K 
T = 295 K
f (Hz)
0 2 4 6 8 10 12 14 16 18 20
f *
 V
ac
 / 
ga
in
 (a
rb
 u
ni
ts
)
0
10
20
30
40
50
60
T = 100 K
f (Hz)
0 2 4 6 8 10 12 14 16 18 20
f *
 V
ac
 / 
ga
in
 (a
rb
 u
ni
ts
)
25
30
35
40
45
50
55
60
65
62 
 
(a) 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 5.5 (a) The overall temperature dependence of specific heat, normalized to the gas 
constant R =8.31 J mol-1 K-1, of (Ca1-xSrx)3Ru2O7 crystals measured with ac-calorimetry 
(solid curves); data for the x =0.15 and  =0.58 samples are vertically offset by 10 and 20 
units, respectively. The open symbols show the PPMS results for the pure sample. (b) 
Enlargement of the low temperature specific heat, plotted as Cp /RT vs T2 for the same 
samples67
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The consequence of normalizing our ac results to the PPMS results at high temperatures 
is that the low temperature ac results differ from the PPMS results by ~ 10% (as seen in 
Figure 5.5 (b) (and also Figure 5.7)  reflecting both the uncertainty  in the PPMS results 
and marginal sample time constants at some temperatures. For the strontium-substituted 
samples, which were not large enough for quantitative PPMS measurements, we 
normalized the data by assuming that the force constants are roughly equal in all 
materials so that the low temperature β ~ (molecular weight)3/2 (approximately consistent 
with the results of Cao et al65) as also shown in Fig 5.5 (b) , with the resulting overall 
temperature dependences shown in Fig 5.5 (a). Hence for all samples, the normalization 
of the data should only be considered approximate (roughly ± 20%). 
5.2.6 Results and Discussion 
  PPMS and ac results near the lower transition for the pure samples are shown in Fig 
5.6. There are difficulties in measuring latent heat with both ac and relaxation time 
calorimetry.  
1. If free energy barriers are so large so that thermal hysteresis remains significant 
even for our slow drift speeds, the latent heat will not be observed at all with ac-
calorimetry and will be improperly characterized with the PPMS measurement8. 
2.  More subtly, if the latent heat has a time constant much greater than τint (away 
from the transition), the resulting measured latent heat can be frequency 
dependent2,45. However, if the hysteresis is negligible (i.e. less than ∆T(ω) or the 
step size, for ac and PPMS calorimetry respectively) and the transition “fast”, the 
latent heat contributes to the effective measured specific heat as Cp(effective) = cp 
+dL/dT , where we assume that the latent heat is distributed over a temperature 
interval due to sample inhomogeneity (or experimental temperature gradients in 
the sample)2.  
For Ca3Ru2O7, we believe that we captured most of the latent heat because no significant 
hysteresis in the anomalies was observed (∆T < 0.1 K) so that the free energy barrier is 
not large. The frequency independence of our results shows that the latent heat does not 
have an intrinsic time dependence other than that of the thermal degrees of freedom.  
  In particular, for the PPMS sample, measurements were made with several 
different-sized temperature steps, with very little change in the anomaly as shown in 
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Figure 5.4 for step sizes of 50 and 200mK, suggesting that unless the hysteresis is much 
wider, most of the latent heat has been captured.  For the 0.36mg sample, we measured 
the specific heat for a variety of chopping frequencies (with ∆T(ω) ~ 1 / ω ), again with 
negligible difference in results as shown in Figure 5.6,  also indicating that the transition 
is not “sluggish”. For all samples, the anomaly is very sharp, ∆T ~ 0.25K, as also 
observed by others6,7. The measured transition entropy, ∆S ≡ ∫ ∆ TCpdT / , is somewhat 
sample dependent but reasonably well defined, with an average value ∆S = (0.31 ± 
0.08)R, very close to the value measured by McCall, et al.6 . Again, the robustness of this 
value suggests that at least most of the latent heat is being captured in the specific heat 
measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Effective specific heat (including distributed latent heat) for the pure samples, 
near the Tc structural transition, measured with different frequencies (ac-calorimetry) or 
temperature steps (PPMS measurements), as indicated66 . 
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  If this transition is due to formation of a charge-density wave as suggested by 
Baumberger, et al.,61 then the expected entropy change ∆S ~ ∆γ . Tc (assuming that 
fluctuation effects are negligible2,4,38, giving ∆γ / R ~ 6 × 10-3 K-1, i.e. the change in γ at 
the transition is significantly larger than its low temperature value, which is consistent 
with the low conductivity and/or lower dimensionality of the low temperature state. 
  Results for the transition at TN for the pure and strontium substituted sample are 
shown in Figure 5.7. The anomalies are very similar. While our Cp anomalies are about 
twice those measured by McCall, et al.,6 a simple estimate of the entropy change using 
the baseline shown, ∆S ~ 0.036R, is very close to that of Reference [6]. Of course, the 
proximity of the large Tc anomaly makes reliably estimating an appropriate baseline 
difficult. It is clear, however, that ∆S << 2R ln(3), the value expected for complete 
ordering of localized S=1 spins. On the other hand, for antiferromagnetic ordering of 
itinerant spins, e.g. in a spin-density wave, we again expect ∆S ~ ∆γ . TN 68, 69
  The effects of strontium substitution on the specific heat at Tc and TN are shown in 
Fig 5.8. For the x = 0.15 sample, the TN and Tc anomalies separate to ~ 60 K and 45 K, 
consistent with the magnetization data. The Tc anomaly is approximately symmetric, 
suggestive of a broadened first order transition; our estimate of the entropy with the 
baseline shown is ∆S ~ 0.08 R, much smaller than for the pure sample, suggesting a 
smaller structural change and if electronic in origin, smaller change in γ. In contrast, the 
specific heat above TN extrapolates to a lower value than that measured below TN, as 
shown in the figure, so the anomaly appears to be “broadened mean-field”, with ∆cP ~ 0.7 
. Formation 
of a spin density wave is also consistent with the mean-field like step in the specific heat, 
for which we expect ∆CP ~ 1.43∆γ . TN. Then our measured anomaly ∆Cp ~ 1.0R gives 
∆γ / R ~ 0.012 K-1. This value, greater than not only the low temperature value of γ but 
also the possible change at TC, is much larger than expected, since the changes in 
conductivities at TN are small. While the anomaly may be enhanced by low-dimensional 
fluctuations (effectively suppressing TN below the mean field transition 
temperature4,38,67,68, this is unlikely to be a large effect here. Hence the specific heat 
anomaly at TN is inconsistent with both conventional itinerant and localized pictures of 
antiferromagnetic ordering, suggesting a more complex spin ordering.  
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R, slightly smaller than for the pure sample. For the x =0.58 sample, we observe only a 
single “broadened mean-field” anomaly at TN ~ 53 K, with ∆cP ~ 0.4 R. The decrease in 
magnitude of the cP anomalies at TN with Sr-substitution parallels the decrease in size of 
the magnetic anomalies, suggesting that Sr-substitution decreases either the magnitude or 
the average density of the ordering moments. The absence of a second anomaly for the x 
= 0.58 sample suggests that the small resistance anomalies observed for this sample 
below 50 K are not due to thermodynamic transitions, but to changes in scattering as the 
spin state evolves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Specific heats of the pure samples near their Neel transitions. The dashed line 
for the 0.36 mg sample shows the background used to estimate the change in entropy66. 
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Figure 5.8 Specific heat, measured with ac-calorimetry, of pure and Sr-substituted 
samples, near the phase transitions. Data for the x = 0.15 and x =0.58 samples are 
vertically offset by 0.4 K-1 and 0.8 K-1, respectively. The dashed lines show the 
extrapolated temperature dependences and background used to estimate the changes in 
specific heats (shown by the heavy vertical lines) and entropy, respectively, for the 
substituted samples as discussed in the section66. 
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5.3 Specific heat of Fe2OBO3 crystals 
5.3.1 The physical properties of Fe2OBO3 
  Fe2OBO3  belongs to the warwickite family of compounds with chemical formula 
MM’OBO3, where M and M’ are respectively divalent and trivalent metal ions70
   
.   The 
metal ions are found at the center of edge sharing oxygen octahedra which build ribbons 
as shown in Figure 5.9. The structures are held together by the Boron ions, which have 
only one crystallographic site with triangular coordination. The unit cell parameter of 
Fe2OBO3 vary from a = 3.16879(8) Å, b = 9.3835(3) Å, c = 9.2503(3) Å, β = 90.220(1)° 
at 3K, to a = 3.1779(1) Å, b =9.3945(1) Å, c =9.2495(1) Å, β = 90° at 337K; the unit cell 
is orthorhombic at high temperature and becomes monoclinic at low temperature 10. 
  
   
Figure 5.9 Crystal structure of Fe2OBO3. The unit cell is orthorhombic at high 
temperature. Structurally distinct FeI,IIO6 octahedra build (FeII-FeI-FeI-FeII in the b-c 
plane) ribbons of edge-sharing chains in the a direction71
 
.  
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  Mossbauer spectra on Fe2OBO3 suggested a large, though not quantified, Fe 
valence separation below the onset of the monoclinic distortion of  the structure at 317 K, 
thus suggesting that at high temperatures Fe2+ and Fe3+ cations occupy FeI and FeII sites 
with equal probability10. Fe2OBO3 was therefore suggested to be an example of 
electrostatically driven Charge Ordering (CO)10;  however, no experimental evidence of a 
CO superstructure was found on the available polycrystalline samples and consequently, 
the occurrence of CO in Fe2OBO3 was under debate72
5.3.2 Motivation 
.  
  Fe2OBO3 is an interesting candidate to explore the charge ordering mechanism. 
This compound experiences an electrostatically driven charge ordering below 317 K69 
and orders antiferromagnetically below TN = 155 K. Differential Scanning Calorimetry 
(DSC) results from Oak Ridge indicated some feature at higher temperature (340 K)  than 
the reported charge ordering. DSC and relaxation time calorimetry are not reliable 
methods to explore specific heats of sub milligram crystals, so a higher sensitivity 
technique is essential to examine the specific heat closely at these temperatures. We 
therefore used ac-calorimetry to measure the specific heat of flux grown needle shaped 
Fe2OBO3 single crystals. 
5.3.3  Sample preparation and Data 
  Needle-like single crystals of Fe2OBO3 with length up to 1.5 cm were grown at 
Oak Ridge from a flux with a procedure similar to the growth of Fe1.91V0.09OBO3 
reported by Balaev et al.,73 except that V2O3 was omitted from the flux to avoid V 
doping74
  The specific heat measurements were performed on three crystals of  masses 
0.31mg, 0.14mg, and on a tiny crystal of mass < 0.01mg with consistent results.  The 
0.31mg sample was attached to a thin (50-75µm diameter) Chromel-AuFe (0.07%) 
thermocouple using 6µg of silver paint. For the selection of chopping frequencies, 
representative frequency dependences of the ac voltage plots for the 0.31mg sample at 
295 K and 110 K are shown in Figure 5.10. The typical chopping frequency used was 3 
Hz. The temperature drift rate, |dT/dt| was kept under 0.1 K/min near the phase transition. 
The ac measurements were corrected for their addendum heat capacities (silver paint and 
.  
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thermocouple) and normalized to published data by Continentino et al.,69 at T =200 K and 
cp = 0.614 J/gK.  
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10  Frequency dependence of the ac voltage for 0.31mg sample. 
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Figure 5.11  Specific heat of Fe2OBO3 ( m = 0.31mg) over the entire measured 
temperature range in the units of R  
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Figure 5.12 (a) Specific heat of Fe2OBO3 (m = 0.31mg) near the magnetic transition (T = 
153 K) (b) Specific heat of the sample near the structural transition (T = 340 K)73. 
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5.3.4 Results and Discussion 
  The specific heat measured with ac-calorimetry for the 0.31mg sample over the 
temperature range 20 K to 360 K, in the units of R, (R = 8.31 J/ mol K) is shown in 
Figure 5.11. Two anomalies were observed as shown in Figure 5.11.  The anomaly at 153 
K, shown  in Figure 5.12(a), is associated with the magnetic transition and is similar to 
the results obtained by Continentino et.al.,69 on polycrystalline samples. The data taken 
upon heating and cooling overlap and the transition looks fairly mean field with ∆Cp ~ R.  
 Another striking feature observed is the transition at T = 340 K shown in Figure 
5.12 (b). It is slightly hysteretic (~0.25 K) suggesting a weak first order  phase transition 
which according to powder diffraction study75
  Differential Scanning Calorimetry (DSC) performed on crystals of the same 
batch (as those studied in ac-calorimetry) at the Oak Ridge Laboratory is shown in Figure 
5.13 (b)
 corresponds to the monoclinic-
orthorhombic transition and which is associated with the onset of CO70.  We did data 
scans near the transition at several speeds and obtained the offset (~0.25 K) in peak 
temperatures which confirms that the hysteresis is real and not instrumental. The 
hysteretic 340 K anomaly implies that we are observing only pre/post transition 
fluctuations in the specific heat. We probably are still missing any latent heat associated 
with the transition, which may be why the peaks observed in ac-calorimetry are smaller 
than those observed with DSC, which will include the latent heat. From ac-calorimetry, 
the estimated entropy change associated with the transition is very small ∆S ~ 0.02 R but 
ac-calorimetry is sensitive only to the reversible heat flow, so will not observe hysteretic 
latent heat.  
76. Between 250 and 400 K, resistivity and DSC data show two separate  well 
defined phase transitions on cooling (/warming) at 340 K and 280 (/310) K. The presence 
of an anomaly at 340 K  is consistent with ac-calorimetry results (Fig 5.12 (b) ) but  the 
transition at 280 (/310) K is absent in our measurements as shown in Figure 5.14. We did 
several scans in this region at different speeds on several crystals but our measurements 
did not show any anomaly. The probable reason for not observing the 280 (/310 K) 
anomaly is because ac-calorimetry is insensitive to irreversible contributions with 
hysteresis larger than the ac amplitude and indicates that the hysteresis is intrinsic and 
persists even at our very slow scanning speeds. In contrast, DSC is sensitive to all 
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contributions to the heat flow. The estimated entropy change through both transitions 
using DSC is ~0.6 J/ (mol K) per Fe ion75. But even this value is << 2R ln2 (first factor of 
2 is because there are 2 irons/formula unit) expected for the proposed CO.   
 
 
 
 
Figure 5.13  (a) Temperature dependence of resistivity ρ along a indicating two phase 
transitions (b) heat flow of differential scanning calorimetry (c) estimated monoclinic 
angle β (d) key parameters describing the Mossbauer spectra : fraction of the contribution 
to the spectra by Fe ions with no discernible electron hopping ( ▄ , left) and hopping 
frequency ν of the remainder (○, right). Inset in (a) Crystal structure at 355 K 75. 
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Figure 5.14  Specific heat of Fe2OBO3 ( m = 0.31mg) single crystal between 260-320K  
showing no anomaly in (280/310 K) region. 
 After we completed our measurements on Fe2OBO3 crystals, Dr. Angst Manuel 
from Oak Ridge reported the results in these crystals of X-ray diffraction, synchrotron X-
ray scattering and Mossbauer spectroscopy measurements and electronic structure 
calculations73,75. Some important results are summarized here. Mossbauer spectra, 
obtained on powdered crystals using a constant-acceleration spectrometer77, indicate 
divalent and trivalent Fe ions distributed over two structural sites similar to previous 
results10,78
 X-ray scattering using synchrotron radiation suggests, differently ordered 
domains (likely up and down diagonal CO as shown in Figure 5.15(a)) of size large along 
a and b direction but small along c in the low T phase. These microdomains correspond 
to an imperfect overall CO, which is one reason for the lower-than expected entropy. In 
the intermediate phase, superstructure reflections are sharp along l and are split, 
corresponding to an incommensurate modulation with propagation vector (1/2, 0, τ) and 
.  However, there is no discernible hopping of electrons between Fe ions at low 
T. In the intermediate T phase between the two transitions, e.g, at 325 K, contributions 
with and without electron hopping coexist as shown in Figure 5.13(d). Isomer shifts and 
quadrupole splitting are equal for both contributions and follow a standar d T 
dependence.  
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τ(T) varying from about 0.4 at 340 K to 0.2 at 280 K. Above 340 K a long range ordered 
superstructure no longer exists, but very weak and broad reflections with (h+1/2, k, 
l+1/2) index indicate persistent short-range correlated fluctuations with correlations 
mainly along a, the chain direction. The correlations are not static, but the dynamics is 
relatively slow as shown in Figure 5.13(d). This dynamic short-range order likely also 
contributes to the missing entropy.  
 
 
 
Figure 5.15 (a) The 2D lattice of chains consists of two sublattices offset from each other 
by a/2. Fe3+ and  Fe2+ are drawn as filled and open circles respectively. Note that half the 
ion sites (e.g. sites II and IV on the bottom) remain intermediate valence and are not 
shown. Degeneracy of the two configurations leads to domain formation, with opposite 
sense of monoclinic distortion [41]. (b) Alternative “zigzag” CO with only slightly higher 
energy than the diagonal ground state. All other configurations are intermediate between 
diagonal and zigzag75. 
  
Since the material is far from metallic (as seen from Figure 5.13 (a) and 5.13(d)), 
a nesting scenario cannot account for the incommensurate modulations in the 
intermediate phase. A better analogy to a case of perfect ionic CO is found in the 
chemical order of ions in binary alloys. In fcc-structured alloys, such as Cu-Au, 
incommensurate phases between chemically ordered (commensurate) and disordered 
phases are often observed and can be explained as a modulation with the statistical period 
arising from antiphase boundaries easily created due to degeneracy and frustration of the 
bonds on triangular networks79. Given that in the intermediate phase of Fe2OBO3 the 
incommensurate modulation is in the c direction and the antiphase boundaries 
perpendicular to c are the ones with a small energy cost, a similar scenario may apply. 
a 
Fe2+ 
Fe3+ 
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 Fe2OBO3 is the first CO oxide in which the bond valence sum (BVS) analysis80 
indicates integer valence for both valence states. The valence separation is considerably 
larger than in the previously clearest examples YBaFe2O581 and related compounds and 
much larger than in the magnetites. The large valence separation suggests that Fe2OBO3 
is an ideal example of primarily electrostatic driven charge order. The reason that 
Fe2OBO3 is unique among oxides in demonstrating ionic CO may be attributed to an 
antagonistic inductive effect82
5.4 Conclusion 
 from the B-O bonds. Since B is more electronegative than 
Fe, O prefers to share its electrons with B, making the Fe-O bonds more ionic70. 
However, the CO is also affected by Jahn-Teller distortion of the Fe2+ octahedra. 
  We have used ac-calorimetry to study the specific heat of (Ca1-x Srx)3Ru2O7 and 
Fe2OBO3 crystals. For Ca3Ru2O7 samples, we find that the large peak in effective specific 
heat at the TC = 48K structural transition is independent of measurement/ 
times/frequencies suggesting a latent heat L ~ 0.31R, which decreases rapidly in 
magnitude with Sr substitution. The Neel transition anomaly observed at TN ~ 56 K is 
roughly mean-field in shape, but its magnitude (∆Cp ~ R) is too large for a conventional 
itinerant electron spin-density-wave transition and too small to be associated with the 
complete spin-ordering of localized electrons. The magnitude of the anomaly decreases 
more slowly as Sr substitution decreases the spin order. 
 In the case of Fe2OBO3, two anomalies were observed. The transition at 155 K 
is mean field like with ∆C p ~ R. The structural transition at 340 K is slightly hysteretic 
(~0.25 K) suggesting a weak first order phase transition which is associated  with the 
onset of charge order. The hysteretic anomaly observed at 340 K anomaly implies that we 
are observing only pre/post transition fluctuations in the specific heat and we are 
probably still missing any latent heat associated with the transition. The transition at 
280(/310 K) is not observed in ac-calorimetry because our technique is sensitive only to 
reversible heat flow. Superstructure reflections in Fe2OBO3 arise from diagonal CO with 
two domains and Fe valence states very close to integer, suggesting that Fe2OBO3 is an 
ideal example for ionic CO.  An intermediate T phase of CO in the system is 
characterized by the coexistence of mobile and immobile carriers and by an 
incommensurate superstructure, the latter of which can be explained by specific antiphase 
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boundaries created easily due to geometrical charge frustration, similar to 
incommensurate chemical order 
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Chapter 6 
Specific heat measurements in Magnetic Field 
 
6.1 Introduction 
  In this chapter, I will discuss the specific heat measurements using our in- field 
setup on two interesting candidates, Sr4Ru3O10 and LaFeAsO. The application of a 
magnetic field tends to align spins and usually suppresses spin fluctuations and hence the 
specific heat, but in the case of Sr4Ru3O10 there is a growing specific heat C with 
increasing field B at low T 12. This interesting feature intrigued us to perform specific 
heat measurements on Sr4Ru3O10.  A detailed specific heat study on this sample is 
discussed in section 6.2. 
   LaFeAsO15 belongs to the iron pnictide-oxide family that has received much 
attention during the recent years and might be considered analogous to the cuprate high-
Tc superconductors. The undoped LaFeAsO is not superconducting but shows an 
anomaly near 150K which is believed to be due to a spin density wave (SDW) 
instability14,15. It would be interesting to study the progression of the SDW in the 
presence of a magnetic field using our new header. The specific heat study on LaFeAsO 
is presented in section 6.3. 
6.2 Specific heat measurements on Sr4Ru3O10  
6.2.1 The physical properties of Sr4Ru3O10 
  Sr4Ru3O10 belongs to the Ruddlesden Popper Series Srn+1RunO3n+1 with n =3. The 
orthorhombic unit cell of Sr4Ru3O10 is composed of triple layers of corner-shared RuO6 
octahedra separated by double rock-salt layers of Sr-O 5. A schematic of the crystal 
structure is shown in Figure 6.1, where the RuO6 layers are indicated as blue octahedra. 
The RuO6 octahedra in the outer two layers of each triple layer are rotated by an average 
of 5.6° around the c axis, while the octahedra of the inner layers are rotated by an average 
of 11.0° in the opposite direction5. Sr4Ru3O10 has a Pbam space group symmetry with 
a=b=0.39001 nm and c=2.8573 nm and contains two crystallographically independent 
triple layers5. The compound displays interesting phenomena ranging from quantum 
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oscillations11, unusual low temperature specific heat3, strong spin-lattice coupling83,84 to 
switching behavior85
  Triple layered Sr4Ru3O10 is a structurally distorted ferromagnet with magnetic and 
resistive anomalies at TC ≈ 102 K and TM ≈ 5 0 K 11.  The properties of the material 
discovered from previous studies 3,5,11-13,80,81 are the following: 1) The c-axis 
magnetization MC is ferromagnetic with TC at 105 K followed by an increased spin 
polarization below TM = 60 K with large irreversibility upon in-field and zero-field 
cooling. In contrast, the ab-plane magnetization Mab is much smaller and exhibits a weak 
cusp at TC and a broad peak at TM. 2) The isothermal magnetization MC illustrates that 
the spins are readily polarized and saturated along the c axis at B =0.2 T, yielding a 
saturation moment at 1.2 μB/Ru. On the contrary, Mab displays a first order metamagnetic 
transition at BC. 
. 
 
 
Figure 6.1 Crystal structure of Sr4Ru3O10 projected along the c axis86. 
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6.2.2 Motivation  
  We wanted to study a sample that has interesting features at low temperature and 
high magnetic field using our newly built header. Sr4Ru3O10 is one such sample that 
shows interesting behavior in specific heat at low temperature and high magnetic field. 
The key features from previous measurements12 using PPMS on Sr4Ru3O10 are the 
following. 
1. Figure 6.2(a)(b) shows C/T vs T for B // ab plane and B// c axis in the temperature 
range 1.8K ≤ T ≤ 12K. C/T at low T (1.8K ≤ T ≤ 12K) increases rapidly for B // 
ab plane, particularly in the vicinity of the metamagnetic transition, in 
contradiction to the anticipated behavior, implying a considerable enhancement of 
the quasiparticle effective mass in g(EF). C/T for B // c axis shows vastly different 
T dependence decreasing with increasing B for T > 6K, consistent with a 
suppression of spin fluctuations as anticipated for a regular magnetic state. 
However, it grows, though less drastically, for T < 6K, showing a broad peak near 
8T, suggesting that unexpected low-energy excitations develop in the spontaneous 
ferromagnetic state.  
2. The unusual temperature dependence of C/T in fields is emphasized in Figure 
6.2(c) for B // ab plane. C/T vs T2 shows negative curvature. The inset in the 
figure shows the sharp peak at 2.5K for B = 5T that diminishes at higher fields 
and eventually evolves into a rapid downturn at 9T.  
3. For both B // ab plane and B // c axis, C/T for B ≤  2.7 T and T < 10 K follows a 
linear T dependence, C/T ~ a + bT. The rapid increase of a with B could be 
indicative of a Fermi liquid with a nearby two dimensional critical point 87
  The anomalous behavior mentioned above intrigued us to examine Sr4Ru3O10 with 
our newly built header. After completing preliminary high temperature measurements 
near TC, with B // c, however, we were not able to do low temperature measurements 
because we could not obtain samples with appropriate thermal time constants, especially 
for the more interesting B // ab – plane geometry. 
. 
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Figure 6.2 Specific heat divided by temperature (C/T), as a function of T for (a) B//ab 
plane. (b) B// c axis (c) C/T for B // ab plane as a function of T2 for 0 ≤ B ≤ 5T; inset 1 
shows C/T for B // a plane vs T for few representative fields; inset 2 shows C/T for B // 
ab plane vs T2 for 5 ≤ B ≤ 9T 12. 
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6.2.3 Sample preparation and characterization 
  The samples were grown by using the flux technique. Single crystals were grown in 
Pt crucibles from off-stoichiometric quantities of SrCO3, RuO2 and SrCl2 mixtures with 
SrCl2 being the self-flux12. The mixtures were first heated to 1480 °C in a Pt crucible 
covered by a Pt cover, soaked for 25 hours, cooled slowly at 2-3 °C to 1380 °C, then 
finally cooled to room temperature at 100 °C/h . These crystals are characterized by 
single crystal x-ray diffraction, electron dispersive X-ray (EDX) and TEM11 and the 
results suggest that the crystals are of high quality with no impurity phases and no 
intergrowth. 
6.2.4 Magnetic susceptibility data 
  The Figure 6.3 shows the temperature dependences of the magnetization M for the 
c axis and ab plane3,11. M for the c axis at B =0.01 T shows a Curie temperature TC at 105 
K, which is then followed by a sharp transition TM = 50 K. The irreversibility of M 
becomes large below TM, consistent with a ferromagnetic behavior. However, M for the 
ab plane exhibits only a weak cusp at TC, but a pronounced peak at TM, resembling an 
antiferromagnetic like behavior and showing a much smaller irreversibility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Magnetization as a function of temperature for the c-axis and ab-plane3 at B 
= 0.01 T. 
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  The magnetic susceptibility for 150-350 K (not shown here) obeys the Curie-Weiss 
law, yielding highly anisotropic Pauli susceptibilities χo of 4.1×10-3 and 1.4×10-4 
emu/mole for the c axis and ab plane respectively11. The larger enhanced χo for the c axis 
suggests a large density of states near the Fermi surface, in accord with the Stoner 
criterion for ferromagnetism that occurs along the c axis. On the other hand, χo for the ab 
plane is more than an order of magnitude smaller than that of the c axis, implying a less 
energetically favorable condition for ferromagnetism. 
6.2.5 Zero field heat capacity data 
6.2.5 (a) c-axis sample at the magnetic transition  
  Before doing measurements using the newly built header, zero field heat capacity 
data for the flux grown Sr4Ru3O10 single crystals were obtained using the ac calorimetry 
set up in our lab. A thermocouple was used as a thermometer to measure the specific 
heat in the temperature region 90 K−120 K. The sample of mass 0.288 mg was attached 
with silver paint to a flattened, 25 µm diameter type E thermocouple junction. The 
typical chopping frequency used was ω/2π ~ 1.5 Hz. The fVAC vs. f graph at T = 295 K 
and 95 K is shown in Figure 6.4 (a) (b). The results were normalized at T=109.03 K (Cp 
= 0.2280) and corrected for addenda contributions with respect to the previously 
published results3 from our lab. Figure 6.5 shows the previously published data from our 
lab for the image furnace and floating zone samples.  
  After measuring the time constants and ensuring that the data is clean, the sample 
holder was transferred to the new header. Figure 6.6 compares the zero field heat 
capacity data near the transition region TC over the temperature range 90 K−115 K using 
the ac-calorimetry set up in our lab (old header) and the in-field setup (new header) in 
Dr.Cao’s lab. The zero field measurements in the two headers are consistent, and also 
consistent with the previous data (Figure 6.5) from our lab. 
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Figure 6.4 The fVAC vs. f graph for c-axis at (a) T = 295 K and (b) T = 95 K. 
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Figure 6.5 Temperature dependence of CP/R for the image furnace and floating zone 
samples near TC ~ 102 K 3. 
   
 
 
 
T (K)
90 95 100 105 110 115
C
 / 
R
18
20
22
24
Image
Flux
87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6 Temperature dependence of Cp/R near TC ~102 K for the flux grown sample 
along the c axis. The blue line is the measurement using the old header in our lab and the 
red line is the measurement in the in-field setup using the new header. 
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Following the zero field measurements in the infield setup, field measurements were 
done on the c-axis sample. Figure 6.7 shows the temperature dependence of Cp/R near TC 
= 102 K for varying fields.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Temperature dependence of Cp/R near TC = 102 K for B // c axis. Data for B 
= 0.05 T, B =0.1 T, B = 0.25 T, B=0.5 T and B =1 T are vertically offset by 0.5, 1, 1.5, 2 
and 2.5 respectively 
   
  All the in-field data were taken by warming with chopping frequency 1.5Hz. The 
measurements were taken according to the following procedure. Once the magnet is 
turned on and the current for the desired field is set, it takes a while for the magnet to 
reach the required field. During that time, the temperature controller is stabilized at the 
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required temperature. Once the desired field is achieved, we start measuring the data 
from the stabilized temperature by warming. We started with 1 T, measured the heat 
capacity data in the temperature range 90 K−120 K; then decreased the field to 0.5 T, 
stabilized the temperature at 90 K and measured the second run. The field was then 
decreased to 0.25 T, 0.1 T, 0.05 T and the heat capacity was measured. Temperature drift 
rate, |dT / dt | was kept under 0.15 K/min for all the measurements. The results were 
normalized at T=109.03 K (Cp = 0.2280) and corrected for addenda contributions with 
respect to the previously published results from our lab.  
6.2.5 (b) ab-plane sample at the magnetic transition 
  Specific heat measurements along the ab plane were attempted on two samples of 
masses 0.44 mg and 0.22 mg. The samples were attached with GE 7031 varnish to a 
flattened, 25 µm diameter type E thermocouple junction. The fVAC vs. f graph at T = 88 
K and T = 295 K for mass = 0.44 mg sample is shown in Figure 6.8 (a) (b).  As 
mentioned in chapter 3, the horizontal part of fVac vs. f curve gives the proper chopping 
frequency range at each temperature. We were not able to measure the heat capacity for 
the sample because it did not have an appropriate chopping frequency presumably 
because the light falling on the sample did not heat the sample as the heat got dissipated 
away quickly along the sides (i.e. we did not obtain one-dimensional heat flow). We 
measured the frequency dependence on a thinner sample (mass=0.22mg). The frequency 
dependence graph at T = 295 K and 93 K at pressures 1 torr and 220 millitorr is shown 
in Fig 6.9 (a) (b). Again, we did not obtain a proper chopping frequency for this sample. 
We see that τ2 is bigger and the inequality condition mentioned in chapter 3 is not 
satisfied and hence there is no proper chopping frequency to do the measurements for 
this sample along the ab - plane. The possible reason for not obtaining good time 
constant may be because the sample has a very small thermal conductivity along the ab -
plane. 
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Figure 6.8  The fVAC vs. f graph for ab plane at (a) T = 88 K and (b) T = 295 K for 0.44 
mg sample 
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Figure 6.9 The fVAC vs. f graph at T = 88K and T = 295 K for mass = 0.22mg  
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6.2.5 (c) c-axis and ab-plane sample at low temperature 
  In order to obtain low temperature measurements (< 20 K), a Cernox 1050 BC type 
thin film resistance sensor is used. The c axis sample of mass 0.288 mg was attached to 
the sensor using GE 7031 varnish. The time constants for this sample were decent for 18 
K, 12 K and 6 K but the zero field heat capacity data came out noisy for several repeated 
runs and so we did not pursue any field measurements.  
  Since, we did not obtain good time constants for the ab-plane sample, we did not 
do any field measurements as envisaged. 
6.2.6 Discussion 
  The zero field temperature dependence of Cp/R near TC ~102 K for the c axis 
sample (m=0.288 mg) is shown in Figure 6.10. An estimate of the entropy can be 
obtained from zero field measurement by drawing a baseline as shown in Figure 6.9. The 
sample exhibits a sharp mean- field-like step ΔCp ~ 0.4R at TC ~ 102 K. An approximate 
lower limit on ΔS can be obtained by fitting the specific heat away from the transition to 
a smooth curve (shown in Figure 6.8) and measuring the area under the anomaly; in this 
case, we obtain ΔS > 0.04R. On the other hand, an upper limit can be estimated from ΔS 
~ ΔCp (~0.4R), as expected for a mean field anomaly. For S=1 system we expect the 
entropy to be R ln 3. If all three spins/formula unit order, the expected entropy change is 
ΔS = 3.3R. However, the estimated entropy change from the background chosen in the 
figure is an order of magnitude smaller than expected for complete spin ordering, 
suggesting that either the spin ordering is not spatially uniform or that only a small 
component of the spins order. It is noted that the magnetic entropy removal at TC is 
generally small for weakly ferromagnetic metals, chiefly due to spin fluctuations.  
  Specific heat measurements using our newly built header in the presence of a field 
for B // c axis is shown in Figure 6.7 along with zero field measurements. A step in the 
specific heat is seen at 102 K for small values of the applied field (as low as 0.05 T). At 
an applied field of 0.1 T, the anomaly disappears. We expect the anomaly to broaden 
when μB ~ (ΔS)TC, which suggests that for μ ~ 1.13μB (reference 65), B ~ 53 Tesla is the 
expected field where the anomaly should vanish. However, as seen in Figure 6.6, the 
anomaly vanishes at a much smaller field (0.1 T). This suggests that the the spin structure 
must be very complex (e.g. canted or helical structure). 
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Figure 6.10 Temperature dependence of Cp/R near TC ~102 K for the flux grown sample 
(m = 0.288mg) along the c axis 
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6.3 Specific heat measurements on LaFeAsO 
6.3.1 The physical properties of LaFeAsO 
  LaFeAsO belongs to LnTMPnO family, where Ln represents 4f rare earth element, 
TM − a transition metal element with a more than half-filled 3d shell, Pn − a pnico gen 
element and O − oxygen atom 88. The parent compound in the family LaFeAsO 
crystallizes in the tetragonal ZrCuSiAs structure (space group P4/nmm) with alternating 
FeAs and LaO sheets, where the Fe atoms are arranged on a simple square lattice as 
shown in Figure 6.1189. The lattice constants obtained for this material are a = 
4.035(3.996) Å and c = 8.741(8.636) Å85.  The compound involves different types of 
chemical bonding, which is strongly ionic in the LaO layers and rather covalent in the 
FeAs layers respectively.  LaFeAsO undergoes a structural phase transition at low 
temperatures below 155K from tetragonal (P4/nmm) to orthorhombic (Cmme)84. 
However, some confusion exists regarding the symmetry of the low-temperature 
structure84,90. It has been reported in both primitive monoclinic and c-centered 
orthorhombic space groups. In the monoclinic description, the atoms are very close to 
positions which would give orthorhombic symmetry. The orthorhombic description is 
probably correct since no indication of deviation from orthorhombic symmetry is 
observed in PXRD data91.  The observed magnetic moment per Fe atom has been 
reported to range from 0.25 μB 92 to 0.36 μB 86 and lies in the ab plane. Such a low value 
of the magnetic moment is not expected because any application of Hund’s rule to the Fe 
d states results in a moment of at least 2 μB.  A theory proposed by Wu et.al 93
    
 suggest 
that the combined effects of spin orbit, monoclinic distortion and p-d hybridization in 
tetrahedrally coordinated Fe in LaFeAsO invalidate the Hund’s rule filling of the Fe d 
levels. The two highest occupied levels have one electron each, but as a result of differing 
p-d hybridizations, the upper level is more itinerant, while electrons in the lower level are 
more localized and hence the resulting magnetic moment is highly anisotropic.  
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Figure 6.11 The structure of LaFeAsO consisting of alternating Fe-As and La-O 
layers. Fe and O atoms sits at the center of slightly distorted As and La tetrahedral 85. 
6.3.2 Motivation 
  The undoped parent material LaFeAsO has also been reported to undergo a spin 
density wave (SDW) transition near 150 K 14,15. Structural measurements have indicated 
that the structure changes from tetragonal to orthorhombic at T1=155 K, while magnetic 
measurements indicated a magnetic transition into a spin-density wave state characterized 
by small periodic spatial oscillations of the iron spins at a slightly lower temperature14,15. 
At first it was assumed that these were the same transition, with different temperatures 
associated with different samples and measurement techniques and in fact calorimetric 
measurements with a commercial calorimeter could not resolve them as shown in Figure 
6.12. A higher resolution technique is essential to examine the specific heat closely at 
these temperatures. We therefore used ac-calorimetry to measure the specific heat of 
LaFeAsO sample. In addition to zero field measurements, we did field measurements in 
this sample to investigate the progression of SDW in the application of field. 
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Figure 6.12 Specific heat measurement using PPMS on the LaFeAsO sample in which the 
two anomalies could not be resolved 94
6.3.3 Sample preparation and characterization 
. 
  LaFeAsO was synthesized by Dr. McGuire at the Oak Ridge Laboratory by two 
methods87. The first method used finely ground stoichiometric mixture of LaAs, Fe 
(99.998%) and Fe2O3 (99.998%) pressed into a pellet, wrapped in Ta foil and heated in a 
sealed silica tube partially backfilled with UHP Ar and with small piece of Zr and heated 
at 1200°C for about one day. Powder X-ray diffraction (PXRD) analysis showed the 
product to be nearly single phase LaFeAsO. The only other phases observed by PXRD 
were Fe and La2O3, while neutron diffraction experiments detected Fe2As. Rietveld 
analysis 82,95,96 indicates that the amount of impurities was less than 5%. Typical impurity 
phases in LaFeAsO samples are La2O3 and FeAs probably due to unintentional excess 
oxygen in the starting materials. A second route used a finely ground mixture of FeAs, 
La2O3 and La pressed into a pellet, sealed in a silica tube partially backfilled with UHP 
Ar and heated at 1200 °C for 30-36 hours. This method produced purer samples, 
sometimes with no impurities observable by PXRD. Materials prepared using the first 
method were used for zero field heat capacity measurements. 
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6.3.4 Heat capacity data 
  Zero field heat capacity measurements using ac calorimetry were performed on a 
3.18 mg polycrystalline sample, using 4.5 Hz chopped light as a heating source in our 
lab. For the selection of chopping frequencies, representative frequency dependences of 
the ac voltage plots for the sample at 295 K and 103 K are shown in Figure 6.13 (a) (b).   
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Figure 6.13  Frequency dependence of the ac voltage for  3.18 mg sample at a) T = 295K 
and b) T = 103 K 
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The average and oscillating temperatures of the back surface of the sample were 
measured with a 25µm diameter type-E thermocouple attached with varnish. The 
temperature drift rate, |dT/dt| was kept under 0.5 K/min near the phase transition. The 
molar heat capacity measured with ac-calorimetry for the 3.18 mg sample over the 
temperature range 120 K to 180 K, in the units of R, (R = 8.31 J/ mol K) is shown in 
Figure 6.14. The data was then corrected for the addendum (thermocouple wire plus GE 
7031 varnish) heat capacity, which was ~ 2.5 % of the sample’s in the temperature region 
measured. The ac measurements were normalized to the PPMS results obtained from Oak 
Ridge at T=127 K. Since the PPMS results for this material have not been reliable, the 
normalization is only approximate, and giving a specific heat value of 90% of the 
Dulong-Petit value near room temperature.  
  We could not later perform field measurements on this sample since the zero field 
specific heat measurements using our new header did not show any anomaly and the data 
was inconsistent with our old header measurements. The reason for the inconsistent data 
may be because the sample properties changed when transferred from the old header to 
the new header, e.g. the sample absorbed moisture during that time as the sample has the 
tendency to absorb moisture when kept long at room temperature. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.14 Specific heat of LaFeAsO (m = 3.18 mg) over the temperature range 120K – 
180K in the units of R. 
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  Field measurements were performed in Dr. Cao’s lab with our newly built header 
on a 13.45 mg polycrystalline sample attached to a 25µm diameter type E thermocouple 
with varnish. The chopping frequency used was 1.5 Hz. The fVAC vs. f graph at 180 K 
and 130 K for the 13.45 mg sample using our newly built header is shown in Figure 6.15 
(a) (b). 
 
(a) 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.15  Frequency dependence of the ac voltage for  13.45 mg sample at a) T = 180 
K and b) T = 130 K 
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  After doing zero field measurement on the 13.45 mg sample, we switched on the 
magnet and raised the field to 11 T. The specific heat measured for this sample over the 
temperature range 120 K to 180 K, in units of R, (R = 8.31 J/ mol K) for B = 0 T and B = 
11 T is shown in Figure 6.16. The ac measurements were corrected for their addendum 
heat capacities (varnish and thermocouple) and normalized to PPMS results obtained 
from Oak Ridge at T=170.6 K. The relative sizes of the anomalies in the two samples 
used in zero field and field measurements suggest that there may be sample dependence. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16 The specific heat of LaFeAsO (m = 13.45 mg) using our newly built header 
in zero magnetic field and in the presence of 11 T magnetic field. 
 
6.3.5 Results and Discussion 
  The heat capacity of LaFeAsO of mass 3.18 mg sample in the vicinity of the 
structural and magnetic transitions is shown in Figure 6.14. Two broad overlapping 
anomalies are observed. The background was estimated by a polynomial fit to the data 
above and below the transition region as shown in Figure 6.17. The subtracted data in 
Figure 6.18(a) clearly show two peaks, one associated with the structural transition 
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centered at 155 K and one due to the magnetic transition centered at 143 K. The 
coincidence of these two peaks with the structural and magnetic phase transition 
temperatures strongly suggest that these are indeed separate anomalies, and not a single 
transition smeared by, for example, in homogeneities. The lack of thermal hysteresis 
(ΔTC < 0.1 K) in these measurements suggests that the phase transitions are second order 
or only weakly first order. The anomalies do not look very mean-field like. The upper 
anomaly looks mean-field like above 150 K, but then it seems to get “cut off” by the 
lower anomaly. The entropy change determined by integration of the subtracted heat 
capacity data is shown in Figure 6.14(b), although, entropy estimates depend critically on 
choice of baseline. A total entropy of 0.032 R is determined by the integration. This is a 
very small entropy change for a structural transition, where roughly one might expect ∆S 
~ R. However, this small change in entropy is consistent with the Powder X-ray 
diffraction (PXRD) and Resonant ultrasound spectroscopy (RUS) results discussed in 
Reference [87] which suggest that the structural distortion occurs over a very broad 
temperature range and that the sharp transition at T T-O makes only a small contribution to 
the overall crystallographic phase change. The feature at 155 K may indeed be more 
closely related to the behavior of the conduction electrons at T T-O than the lattice.  For 
the lower transition, if we assume mean-field theory with 0.25R ~ ΔcP ~ ∆γ TC, we obtain 
∆γ ~ 10 mJ mol-1 K-1. With the baseline shown in the Figure 6.13, it appears as if about 
one-third of the entropy is associated with the lower (magnetic) transition and two-third 
with the upper (structural) transition. 
  Specific heat measurements on the 13.45mg sample in zero magnetic field and B = 
11 T are shown in Figure 6.16. As seen in the figure, the applied magnetic field does not 
cause any significant change in the specific heat anomalies which implies that neither the 
structural transition nor the magnetic transition is affected much by the magnetic field. 
The application of magnetic field can cause two effects. On one hand, the applied 
magnetic field could depress the SDW order and decrease magnetic fluctuations. On the 
other hand, magnetic field might favor the Fermi surface nesting directly and then 
enhance the SDW gapping, which can lead to a decrease in the density of free charge 
carriers.  
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Figure 6.17 The specific heat of LaFeAsO (m = 3.18 mg) with the background (solid 
black line). The background was estimated by a polynomial fit to the data above and 
below the transition region. 
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Figure 6.18 (a) The subtracted data of LaFeAsO (m=3.18 mg)show two peaks, one 
associated with the structural transition centered at 155 K and the other due to the 
magnetic transition centered at 143 K. (b) The entropy change of LaFeAsO determined 
by integration of the subtracted heat capacity data. 
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  According to a recent localized model proposed by Chen Fang et.al97
2JJ Z <<
, there is a 
narrow range of temperatures above the magnetic ordering temperature, in which nematic 
order persists. The tendency toward nematic order lifts spin frustration and permits 
coupling. The nematic transition temperature TN is determined by the following equation 
in the limit,  [99] where ZJ  is the interlayer coupling and 2J  is the next-
nearest-neighbor in-plane coupling 
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J  is the nearest-neighbor coupling.  
Let, 
   λ ≡ σSDW + TJ Z /                    (6.2) 
    
 where λ is the Lagrangian multiples for φn,α(r) and σSDW is the nematic order.  Then the 
SDW transition temperature, TSDW is determined by the following equations 
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Solving the above two equations, the model has two second order phase transitions. The 
nematic transition temperature TN is always larger than the SDW transition temperature 
TSDW.  
  From equation 6.4, we obtain 
)/ln(
~
2
2
z
SDW JJ
JT  << JZ.  Since ZJ
→
 is small, 
( 2410~
→
−
→
JJ Z ) , reduces TSDW,  while field as high as B ~ Jz  /μ ~10 k TSDW / μ ~ 65 T 
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taking μ ~ 0.35 μB, is expected to cause a change in the anomaly. This is consistent with 
what we observed in our experiment, where the application of 11 T did not cause any 
obvious change in the specific heat anomalies.  
  After we completed our measurements on the LaFeAsO sample, Dr.McGuire from 
OakRidge   reported the results in this sample on neutron diffraction, transport and 
magnetic properties87. Some important results are summarized here. Neutron diffraction 
data indicates additional scattering below 150 K in LaFeAsO consistent with a 
commensurate ordering wavevector of (0.5, 0.5, 0.5). This indicates a doubling of the 
conventional unit cell along both a-axes and along the c-axis and is also consistent with 
previous reported measurements by Dong et al15. The results of resistivity measurements 
are shown in Figures 6.19. The electrical resistivity is seen to drop dramatically at the 
SDW transition. At room temperature ρ has a value of 4 mΩcm and decreases upon 
cooling. This is typical of a low carrier concentration metal or heavily doped 
semiconductor87.  
 
Figure 6.19  The temperature dependence of the electrical resistivity with no applied 
magnetic field and with an applied field of 8 T. The inset shows the magnetoresistance 
calculated from the resistivity data87.  
 
   Hall effect measurements87 in Figure 6.20 show a corresponding sharp decrease in 
the apparent carrier concentration (n) by an order of magnitude through the transition. 
This suggests that many of the charge carriers present in the high temperature phase are 
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localized at TT-O due to the structural transition. This is likely related to the local moment 
formation and subsequent magnetic ordering observed below TT-O. Near room 
temperature the Hall coefficient is negative and nearly temperature independent, 
indicating conduction by electrons with an inferred concentration n = 3 × 1021 cm-3 . 
 
 
Figure 6.20 Results of Hall-effect measurements on LaFeAsO showing the remarkable 
decrease in inferred carrier concentration and high mobility at low temperatures is shown 
in the top panel. The measured Hall coefficient and inferred carrier concentration is 
shown in the top panel inset. The bottom panel shows the Hall mobility calculated from 
the carrier concentration87. 
 
  The Figure 6.21 shows the thermal and thermoelectric transport properties of 
LaFeAsO. The thermal conductivity increases abruptly below the TSDW, but otherwise 
follows the behavior of typical crystalline materials. The increase in thermal conductivity 
cannot be attributed to the change in electronic thermal conduction as the thermal 
conductivity in this low carrier concentration material is dominated by phonons. Thus the 
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observed behavior must be attributed to an increase in the thermal conductivity of the 
lattice. This could be due to a decrease in electron-phonon scattering below the transition, 
suggesting that above 150 K the charge carriers which participate in the SDW interact 
strongly with the phonons. The Seebeck coefficient is negative over the entire 
temperature range, indicating that electrons dominate the electrical conduction. This is 
consistent with the negative Hall coefficient87.  
 
 
 
Figure 6.21 Thermal and thermoelectric transport properties of LaFeAsO. The thermal 
conductivity measured in zero applied mangeitc field and in a field of 8 T, shows an 
abrupt change in slope (inset a) as the structure transforms from tetragonal to 
orthorhombic upon cooling. Inset (b) shows the dramatic changes in the Seebeck 
coefficient that occur below the transition temperatures87. 
  Magnetization measurement shows a drop in M/H through the phase transition 
region, a signature of the spin density wave formation. The magnetization shows little 
temperature dependence above and below the transition region. At H = 7 T and T = 1.8 K 
the measured moment corresponds to only 9 × 10-3 μB per Fe atom87. This behavior 
suggests that some slight canting of the antiferromagnetically ordered moments occurs in 
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this material. Calculations suggest that a small moment in the z-direction (0.06 μB) may 
exist in the ordered phase98
  After the published results on the 3.18mg LaFeAsO sample, subsequent 
measurements on LaFeAsO  using PPMS were used to do a comparison study on the 
rare-earth elements PrFeAsO, NdFeAsO and CeFeAsO16. Figure 6.22 shows the 
subsequent results using PPMS on LaFeAsO [123] and our ac calorimetry measurements 
on the 3.18mg sample. A comparison of the ΔCp results for the LaFeAsO sample using 
PPMS and ac-calorimetry shows that the size and the shape of the anomaly are 
comparable.  
. This could support the canted antiferromagnet mode. The 
magnetic behavior of this material is complex and not yet well characterized or well 
understood87. 
 
Figure 6.22 A comparison of the ΔCp results for the LaFeAsO sample using ac 
calorimetry setup in our lab and PPMS results by McGuire et al16. 
 
6.4 Conclusion 
  In summary, we measured the specific heat of Sr4Ru3O10 crystals along the c axis at 
its magnetic transition both in the presence and absence of a field. A comparison of zero 
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field measurement from our lab with respect to the data from the in-field setup was 
consistent. The estimated entropy change is an order of magnitude smaller than expected 
for complete spin ordering, suggesting that either the spin ordering is not spatially 
uniform or only a small component of the spins order. At an applied field of 0.1 T, the 
specific heat anomaly disappears. There were no signs of broadening of the specific heat 
peaks due to the external magnetic field. While the effect of fluctuations is unlikely to be 
a large effect here, the specific heat anomaly at TC suggests a more complex spin 
ordering.   
   Our low temperature measurements for the c axis sample came out noisy for 
several repeated runs and hence we did not pursue any field measurement for this 
sample. As for the specific heat measurements along the ab plane for this crystal, we did 
not obtain good time constant presumably because the sample had a very small thermal 
conductivity along this direction and hence did not pursue the specific heat 
measurements in the presence and absence of a field.  
  The heat capacity of LaFeAsO was measured using ac-calorimetry in the presence 
and absence of magnetic field. The structural transition centered at 155 K and the 
magnetic transition centered at 143 K is observed. The coincidence of these two peaks 
with the structural and magnetic phase transition temperatures strongly suggest that these 
are indeed separate anomalies, and not a single transition. The application of magnetic 
field as high as 11 T did not show any changes in the anomalies consistent with very 
anisotropically coupled spins as described in Reference [93]. At high temperatures, 
LaFeAsO is a low carrier concentration metal with conduction dominated by electrons 
and with no local magnetic moment. This is supported by measurements of electrical 
resistivity, Hall coefficient and and carrier concentration and Seebeck coefficient. Strong 
electron-phonon coupling exists in the high temperature tetragonal phase, as evidenced 
by the behavior of the mobility, thermal conductivity and Seebeck coefficient through the 
phase transition region.  
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Chapter 7 
Specific Heat Measurements on other Fe-As based systems 
 
7.1 Introduction 
  The recent discovery of superconductivity in the rare earth iron based 
superconductors has generated enormous interest because these materials are the first 
non-copper-oxide superconductors with TC’s up to 55 K. Soon after the discovery of 
superconductivity in the doped RFeAsO and AFe2As2 families, studies of the undoped 
materials revealed interesting structural and magnetic properties. All of the parent 
compounds (RFeAsO, R = La, Ce, Nd, Pr; AFe2As2, A=Ba, Ca and Sr) of the iron based 
superconductors investigated so far display a similar antiferromagnetic phase transition 
accompanying a tetragonal to orthorhombic structural distortion on cooling from 250 K 
to 100 K 16,17,87,99,100. At room temperature the RFeAsO family materials adopt the 
ZrCuSiAs structure type (tetragonal, space group P4/nmm) and their structure can be 
visualized as a stacking of flat square nets of single atom types in the sequence 2O-R-As-
2Fe-As-R. The Fe and O nets are rotated 45° with respect to the As and R nets and are 
twice as dense. The stacking of these layers gives tetrahedral coordination to Fe and O 
whereas R and As are in square antiprismatic coordination87. The AFe2As2 compounds 
crystallize in the tetragonal ThCr2Si2 type structure at room temperature101 which consists 
of alternate stacking of edge sharing Fe2As2 tetrahedral layers and R2O2 tetrahedral layers 
along the c axis. Superconductivity is induced in the RFeAsO system, by doping with 
fluorine102, cobalt103, thorium104, strontium105 and oxygen106. In the case of the AFe2As2 
system, the compounds become superconductors if appropriately modified by 
substitutions on the A site by alkali metals107,108 or direct substitution within the Fe2As2 
slab by Co17, 109,110,111 or Ni 112
  It would be interesting to examine compounds from these two different families 
and do a comparative study. In Chapter 6, I discussed the LaFeAsO material in detail. In 
this chapter, PrFeAsO, a material belonging to the same family as LaFeAsO is studied. 
Also, SrFe1.8Co0.2As2, a doped system from the AFe2As2 family is perused. 
.     
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7.2 SDW transition in PrFeAsO 
7.2.1 The physical properties of PrFeAsO 
  PrFeAsO crystallizes into the ZrCuSiAs structure type at room temperature with 
space group P4/nmm and lattice parameters a=3.985 Ǻ, c = 8.595 Ǻ  113
 
. The lattice and 
magnetic structure of PrFeAsO is shown in Figure 7.1. The material undergoes a 
structural distortion near 150 K and the SDW develops below about 140 K16,95,96. Upon 
further cooling the Pr magnetic moments order antiferromagnetically near TN = 14 K 
with Pr moments aligned along the c-axis95. When this occurs there is evidence of a 
reorientation of the Fe moments, suggesting significant interactions between the 
magnetism in the Pr and the Fe sub lattices16. Interplay between Fe and Pr moments have 
also been proposed based on anomalous low temperature thermal expansion96.  
 
 
Figure 7.1 Lattice and magnetic structure of PrFeAsO a) The three dimensional 
antiferromagnetic structures of Fe as determined by neutron diffraction data b) The 
magnetic structure of Fe in the FeAs plane 95. 
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7.2.2 Motivation 
  Having studied the LaFeAsO sample, we wanted to understand the role that the 
lanthanide played in determining the physical properties of RFeAsO based materials, so 
we wanted to investigate the specific heat of of PrFeAsO at its structural and magnetic 
transition and do a comparative study with the LaFeAsO compound. A Subsequent 
measurement on PrFeAsO using a PPMS calorimeter was published recently by McGuire 
et al16. A comparison of our measurements with PPMS results is also included. 
7.2.3 Sample preparation 
  The sample was prepared by McGuire at the Oak Ridge National Laboratory. 
PrFeAsO was made from PrAs, Fe2O3 and Fe powders. Rare-earth arsenides and FeAs 
starting materials were prepared, similarly to the preparation of LaFeAsO material 
(discussed in chapter 6) and a detailed description about the preparation of starting 
materials is published by McGuire et al87. Stoichiometric mixtures of the starting 
materials were ground and mixed thoroughly in a helium-filled glove box, pressed into 
one half-inch diameter pellets and sealed in silica tubes under about 0.2−0.3 atm ultra -
high purity argon. The pellets were heated at 1200°C for 30 h. The crystal was 
characterized using powder x-ray diffraction at the Oak Ridge lab and the results are 
published16. 
7.2.4 Heat Capacity data  
  The specific heat measurements were performed on a polycrystalline sample of 
mass = 12.41mg using the ac-calorimetry setup in our lab. The sample was attached with 
GE varnish to a flattened, 25 μm diameter type-E thermocouple junction. The chopping 
frequency used to heat the sample was 2.25 Hz.  Since there were not any previous 
quantitative measurements on this sample, the molar specific heat was approximately 
normalized to that of LaFeAsO at T = 130 K (i.e. CP / R= 8.3556) and correcting for 
addenda contributions. Hence the normalization of the data should only be considered 
approximate. However, the atomic mass of La (m = 138.9) and Pr (m = 140.9) are close 
and the Debye temperatures and specific heats are expected to be similar. The 
temperature dependence of specific heat, normalized to the gas constant R = 8.314 J mol-1 
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K-1 of the PrFeAsO sample is shown in Figure 7.2 (a). Two broad overlapping anomalies 
were observed one centered at 143 K and the other at 137 K.  
   
 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 (a) The temperature dependence of specific heat normalized to the gas 
constant R =8.314 J mol-1K-1 of PrFeAsO sample. The black line shows the background 
used to estimate the change in entropy. (b) The subtracted data of PrFeAsO show two 
peaks, one associated with the structural transition centered at 143 K and the other due to 
the magnetic transition centered at 137 K. 
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7.2.5 Results and Discussion 
  As shown in Figure 7.2 (a) two broad anomalies are observed. The background was 
estimated by a polynomial fit to the data above and below the transition region as seen in 
Figure 7.2 (a). The subtracted data shows two noisy peaks in the Figure 7.2 (b), one 
associated with the structural transition (TC = 143 K) and one due to the magnetic 
transition at T = 137 K.   
  The lack of thermal hysteresis (ΔT < 0.1 K) in these measurements suggests that 
the phase transitions are second order or only weakly first order. The anomalies do not 
look very mean-field like. A simple estimate of the total entropy change using the 
baseline shown is ΔS ~ 0.02 R. It should be noted that for LaFeAsO, the total entropy 
obtained was 0.032R. These are very small entropy changes for structural transitions, 
where roughly one might expect ΔS ~ R. For the magnetic transition in PrFeAsO, if we 
assume mean-field theory with 0.20R ~ ΔcP ~ ΔγTc, one attains Δγ ~ 12 mJ mol-1K-1.  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 The specific heat of LaFeAsO (black curve) and PrFeAsO (red curve) 
samples over the temperature range 110 K – 190 K in the units of R. PrFeAsO is 
normalized to LaFeAsO at T = 130 K.  
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  The specific heat measurement of LaFeAsO and PrFeAsO in the temperature range 
110K − 190K are shown in Figure 7.3. Taking the cusps in the specific heat as estimates 
of the transition temperatures, we see that, the magnetic ordering temperature increases 
from 137 K for PrFeAsO to 143 K for LaFeAsO. The structural transition increases from 
143 K for PrFeAsO to 155 K for LaFeAsO.  
 
   
 
Figure 7.4 The temperature derivative of the resistivity (dρ/dt) and the background 
subtracted heat capacity (Δcp), of the RFeAsO series measured with a PPMS 
calorimeter16.  
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  According to a recent study by McGuire et al16 on the RFeAsO series, the magnetic 
ordering temperature increases from 136 K for CeFeAsO to 139 K for PrFeAsO to 141 K 
for NdFeAsO (as shown in Figure 7.4). The structural transition varies somewhat less 
strongly across the series from 144 K for CeFeAsO to 146 K for both PrFeAsO and 
NdFeAsO. The different behavior between materials containing non-magnetic and 
magnetic rare earth elements suggests that the presence of the magnetic moment on the R 
site influences the structural distortion and magnetic ordering. 
  A comparison of our results on PrFeAsO with the subsequent PPMS data by 
McGuire et al is shown in Figure 7.5. The structural transition temperature and the 
magnetic ordering temperature observed using PPMS by McGuire et al are slightly higher 
(~3K) than we measure. This suggests that the results may be sample dependent, but the 
difference may be instrumental. The size and shape of the anomalies of the PrFeAsO 
samples are very similar. Since PPMS is suitable for measuring larger size samples, 
cleaner data was obtained with PPMS than ac-calorimetry. AC-calorimetry is suitable for 
sub-milligram crystals but for this measurement we used 12.41mg polycrystalline sample, 
which decreases our ac signal and may be a reason for the noisy data. We did not try to 
cleave the sample as it was crumbly in nature, and hence we used the large sample 
provided by McGuire to do our measurements. 
 
Figure 7.5 A comparison of the ΔCp results for the PrFeAsO sample using ac 
calorimetry setup in our lab (bottom) and PPMS results by McGuire et al16 (top) 
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7.3 Superconducting transition in SrFe1.8Co0.2As2 
7.3.1 The physical properties of SrFe1.8Co0.2As2 
  Soon after the discovery of superconductivity in doped RFeAsO (R = rare-earth 
element) materials14, investigations also focused on the structurally related AFe2As2 
compounds (A=alkaline, alkaline-earth or rare-earth metal). While pure SrFe2As2114 
undergoes a lattice distortion and antiferromagnetic (AFM) ordering at To= 205 K, a 
small amount of Co substitution leads to a rapid decrease of To, followed by the onset of 
bulk superconductivity in the concentration range 0.2 ≤ x ≤ 0.4 with a maximum Tc ≈ 
20K 17. SrFe1.8Co0.2As2 belongs to BaAl4-type structure115
7.3.2 Motivation 
, space group I4/mmm, and 
lattice constants a = 3.9278(2) Ǻ, c = 12.3026(2) Ǻ 17. 
  The motivation of this specific heat measurement was to study the crystal in the 
absence and presence and of a field and examine the superconducting transition.  
7.3.3  Heat Capacity data  
  The sample used in this work was prepared by McGuire from Oak Ridge 
Laboratory.  In this work, we use the ac-calorimetry setup in our lab and the in-field 
magnetic setup to examine the specific heat at low temperature (4 K ≤  T ≤ 20 K). The 
specific heat measurements were first performed using the ac-calorimetry setup in our 
lab. Measurements were made on a single crystal of mass 0.62 mg. The sample was 
attached to a Cernox sensor with 9.7 μg of GE varnish. The chopping frequency used was 
16.6 Hz. Absolute values of the total heat capacity were obtained using the results of 
Leithe-Jasper et al17 at T = 8 K and Cp = 0.4096 J /mol K. It should be noted that the 
normalization to PPMS results is only approximate; it gives a specific heat that is 90% of 
the Dulong-Petit value near room temperature. We also assume that the actual 
compositions of our sample and the Leithe-Jasper sample are at their nominal values and 
therefore similar. After doing measurements using our old header, the sample holder was 
transferred to the new header and measurements were performed in the in-field setup in 
the temperature range (4 K ≤  T ≤ 20 K). Figure 7.6 shows a plot of Cp/T vs T2 for this 
sample on the old and new headers. The low temperature data (4 K < T < 8 K) in the new 
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header (black and blue dataset) differ from the old header (red data) results by ~10%, 
reflecting the uncertainty in the sample time constants at these temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6  A plot of Cp/T vs T2 using the old and new header for the 0.62 mg sample.  
(Inset) The specific heat measured using our old header and new header over the 
temperature range 4 K to 18 K, in the units of R, (R = 8.31 J/ mol K).  
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7.3.4 Results and Discussion 
  According to McGuire, the superconducting transition observed for this crystal was 
at T ~ 13 K, and it is the nature of these single crystals to show a broad/small anomaly116
 
. 
The measurements using our old header shown in Figure 7.7 showed a gradual bump near 
the proposed transition temperature. Though it is expected for these materials to show a 
broad/small anomaly, it was difficult to distinguish the anomaly out of the noise from our 
measurements. We did several runs using our old header; they all had a similar bump and 
were noisy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 The low temperature specific heat, plotted as Cp/RT vs. T2 for the 
SrFe1.8Co0.2As2 sample. The intercept of the solid black line gives the γ. 
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  A fit of our low temperature result to Cp = γ T+ β T3 for 3 K  < T <  20  K (as 
shown in Figure 7.7) gives values of γ/R ~ 0.002 / K and β/R ~ 6.67 × 10-5 / K3 
corresponding to a Debye temperature of Θ = 260 K. The results obtained are within 10% 
of the results of Leithe-Jasper et.al17. The value of γ should be zero in the 
superconducting state, however, various groups have claimed a non-zero γ term117,118,119. 
Leithe-Jasper et.al17 obtained a non-zero γ term for this material and our result agrees 
with their published value. It is argued that the residual γ may be induced by defects120 or 
because of an intrinsic contribution due to ungapped parts of the Fermi surface121
   
  and 
needs to be elucidated by further experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8 A plot of Cp/T vs T2 using new header. The blue and black data are 
measurements using our new header for two different runs. 
 
  Figure 7.8 shows a plot of Cp/RT vs T2 using the new header. The blue and black 
data shown are measurements using our new header for two different runs. No obvious 
specific heat anomaly was observed using our new header as shown in Figure 7.8, i.e. we 
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could not reproduce the bump as seen using the ac-calorimetry set up in our lab. The 
possible reasons for not seeing the anomaly/bump in the new header could be because 
either the sample properties changed when they were exposed to air during moving or 
there is no anomaly. Since it is unlikely for the sample property to have changed, we 
conclude that there is no anomaly at the proposed transition temperature and the broad 
peak noticed in our measurement using our old header was really noise. Since the data 
using our new header did not show any anomaly near the proposed superconducting 
transition (T~ 13 K) we did not pursue our field measurements.  
7.4 Conclusion 
  Our systematic investigation into the effects of the structural and magnetic phase 
transitions in PrFeAsO and LaFeAsO revealed that the transition temperatures of 
PrFeAsO are significantly lower than those in LaFeAsO suggesting a strong influence of 
the rare-earth magnetic moment on the behavior of the FeAs layers16. However, the total 
entropy estimated was small for both the compounds. The different behavior between 
these rare earth elements suggests that the presence of the magnetic moment on the R site 
influences the structural distortion and magnetic ordering. To date, no real consensus has 
been reached among theorists concerning the electronic nature of these complex materials 
and their phase transitions. This is especially true concerning the Fe magnetism in the 
orthorhombic phase. 
  As for the SrFe1.8Co0.2As2 crystal, the specific heat measurements using our old 
header showed a gradual bump near the proposed superconducting transition at T~13 K 
whereas measurements using our new header did not show any anomaly. We conclude 
that our data became noisy near the transition temperature when using our old header and 
there was no anomaly at the proposed transition temperature. We obtained γ, β and the 
Debye temperature Θ by fitting our low temperature data. The results obtained were 
consistent with the published data by Leithe-Jasper et al. 
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Chapter 8 
Concluding Remarks 
 
  In my thesis, I have focused on the specific heat properties of strongly correlated 
electron systems in the absence and presence of magnetic field. In this broad category of 
strongly correlated electron systems, I have studied materials from different families 
starting with the Ca1-xSrxRu3O7 and Sr4Ru3O10 crystals from the Ruddlesden Popper 
series, Fe2OBO3 from the oxyborate family, LaFeAsO, PrFeAsO and SrFe1.8Co0.2As2 
from the pnictide family. The crystals from these families show different properties 
ranging from antiferromagnetism, charge ordering, spin density wave and 
ferromagnetism to name a few. The materials studied were categorized in terms of 
specific heat properties in the absence of magnetic field and in the presence of magnetic 
field. In order to study the specific heat of the materials in the presence of a magnetic 
field, we designed and built a new probe that could fit in a liquid helium Dewar with a 14 
T magnet. Most of my work was involved in the design and construction of the probe for 
specific heat measurements in the magnetic field. Though it was a challenge to work with 
a small area, we succeeded in building the probe and make it operate for heat capacity 
measurements in the presence of a field. Using the new probe, we measured the specific 
heat of Sr4Ru3O10 and LaFeAsO samples.  
  The specific heat measurements on (Ca1-x Srx)3Ru2O7 crystals using ac-calorimetry 
technique were measured in our lab, using our old header in the absence of magnetic 
field. Ca3Ru2O7 crystal showed a large peak in the effective specific heat at Tc =  48 K 
structural transition which was independent of measurement/times/frequencies suggesting 
a latent heat L ~ 0.31 R, which decreases rapidly in magnitude with Sr substitution. In 
addition we have quantitatively measured the mean-field like step at TN for the first time. 
The Neel anomaly observed at TN ~ 56 K is roughly mean-field in shape, but its 
magnitude (∆Cp ~ R) was too large for a conventional itinerant electron spin-density-
wave transition and too small to be associated with the complete spin-ordering of 
localized electrons. The magnitude of the anomaly decreases more slowly as Sr 
substitution decreases the spin order. 
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 For Fe2OBO3, a member of the oxyborate family, the transition at 155 K was 
mean field like with ∆C p ~ R. The structural transition observed at 340K indicates the 
onset of charge order. The anomaly was slightly hysteretic indicating a weakly first order 
transition, so that we may be missing latent heat associated with the transition. We did 
not observe any anomaly at 280(/310 K) using our ac-calorimetry technique since our 
technique is sensitive only to reversible heat flow. Superstructure reflections in Fe2OBO3 
arise from diagonal CO with two domains and Fe valence states very close to integer, 
suggesting that Fe2OBO3 is an ideal example for ionic CO.   
   The specific heat of Sr4Ru3O10 crystals along the c axis at its magnetic transition 
were measured using our old header and new header. A comparison of zero field 
measurement from our lab with respect to the data from the in-field setup was consistent. 
The estimated entropy change is an order of magnitude smaller than expected for 
complete spin ordering, suggesting that either the spin ordering is not spatially uniform 
or only a small component of the spins order. At an applied field of 0.1 T, the specific 
heat anomaly disappears. There were no signs of broadening of the specific heat peaks 
due to the external magnetic field. The original motivation was to to examine Sr4Ru3O10 
with our newly built header for B // c axis and B // ab plane 1) at its magnetic transition 
TC  (~102 K) and 2) at low temperature (2 K – 20 K). We succeeded in measuring the 
specific heat of Sr4Ru3O10 for B//c axis at its magnetic transition but our low 
temperature measurements for the c axis sample came out noisy for several repeated 
runs and hence we did not pursue any field measurement for this sample. As for the 
specific heat measurements along the ab plane for this crystal, we did not obtain good 
time constant presumably because the sample had a very small thermal conductivity 
along this direction and hence did not pursue the specific heat measurements in the 
presence and absence of a field.  
  Following the measurements of Sr4Ru3O10, we measured the specific heat of 
LaFeAsO using our new header. For LaFeAsO, the structural transition at 155 K and the 
magnetic transition at 143 K was observed. The coincidence of these two peaks with the 
structural and magnetic phase transition temperatures strongly suggest that these are 
indeed separate anomalies, and not a single transition. The application of magnetic field 
as high as 11 T did not show any changes in the anomalies. Theoretical analysis predicts 
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that a nematic order persists above the magnetic ordering temperature. At high 
temperatures LaFeAsO is a low carrier concentration metal with conduction dominated 
by electrons and with no local magnetic moment. This is supported by measurements of 
electrical resistivity, Hall coefficient and and carrier concentration and Seebeck 
coefficient. Strong electron-phonon coupling exists in the high temperature tetragonal 
phase, as evidenced by the behavior of the mobility, thermal conductivity and Seebeck 
coefficient through the phase transition region.  
  Having studied the LaFeAsO sample, we wanted to understand the role that the 
lanthanide played in determining the physical properties of RFeAsO based materials, so 
we investigated the specific heat of of PrFeAsO at its structural and magnetic transition. 
The structural and magnetic phase transitions in PrFeAsO and LaFeAsO revealed that the 
transition temperatures of PrFeAsO are significantly lower than those in LaFeAsO 
suggesting a strong influence of the rare-earth magnetic moment on the behavior of the 
FeAs layers. The total entropy estimated was small for both the compounds. The different 
behavior between these rare earth elements suggests that the presence of the magnetic 
moment on the R site influences the structural distortion and magnetic ordering. To date, 
theorists are exploring concerning the electronic nature of these complex materials and 
their phase transitions.  
  The specific heat measurements on the SrFe1.8Co0.2As2 crystal using the setup in 
our lab showed a gradual bump near the proposed superconducting transition at T~13K 
but the measurements using our in-field setup did not show any anomaly. We conclude 
that our data became noisy near the transition temperature when using our old header and 
there was no anomaly at the proposed transition temperature.   
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